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Chapter 2
CLIMATE AND LAKE RESPONSES

William M. Schertzer' and Thomas E. Croley II?

ABSTRACT : The study of the effects of climate on basin hvdrology and lake
responses, using examples primarily drawn from the Great Lakes region, is
explained in three parts. Firsil y, the base case ‘current’ climate elements are
constructed from more than 30 years of records (Sections 2.1 to 2 4).
Secondly the climate change case is examined through modeling studies using
extreme variations in the observations, steady-state Global Circulation Model
(GCM) scenarios and lransposition climates (Sections 2.4 to 2 7). When
compared to the base case observations, these preliminary Great Lakes results
indicate increases in evaporation, runoff reduction, and disruptions to lake
thermal stratification characteristics due to climate warming.  Thirdly,
preliminary results from other lake systems reinforced findings determined
Jrom the Great Lakes case (Section 2.8). These results are preliminary and
their interpretation requires caution, particularly on the limitations and
capabilities of the models used which is discussed in subsequent chapters.

2.1 INTRODUCTION

Climate has a pronounced influence on large lake hydrodynamics, water quality
and ecosystem components. Surface heating and wind mixing affect the seasonal
thermal stratification cycle which affects vertical and horizontal circulation patterns.
Wind also plays a dominant role in lake set-up, waves and near-shore processes such as
up-welling and down-welling. Climate can also influence the seasonal basin and lake
hydrology, and consequently, water levels, inflows and outflows and the redistribution
of tributary inputs. Consequently, lake hydrodynamic processes are strongly linked to
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climatic and hydrological characteristics over the lake basin. Together, climate,

" hydrology and lake hydrodynamics can affect the distribution of water quality

components within the lake system.

Climatological investigations are largely concerned with heat, moisture and
momentum exchanges. Such studies have been conducted on various spatial (global,
continental and regional) and temporal (daily, monthly, seasonal, annual and decadal)

' scales. A climatology can be derived by analysis of meteorological (weather) time
- series data to quantify the means and variability inherent for a particular area.

Climatological (meteorological and hydrological) time-series data are -particularly

relevant for hydrodynamic and water quality investigations of large lake systems.
Recently, there has been increasing concern that human activities such as fossil fuel

burning is progressively altering the chemical composition of the atmosphere. Global

! atmospheric monitoring has confirmed rapidly increasing greenhouse gas (GHG)

concentrations. Part of the concern is that changes in radiative forcing of the climate

' system may be occurring as a result of anthropogenic loading due to burning of fossil
" fuels (CO,, CH,, N,0O and O,), changing land uses (CO,, CH,) and CFC emissions.
" General circulation models (GCM’s) of the earth’s atmosphere have indicated that
- under scenarios of doubled atmospheric CO, concentration (i.e. 2xCO,) the natural

greenhouse effect of the atmosphere will be enhanced. Such enhancement is expected
to affect the climate system resulting in higher global atmospheric temperatures and
other climate variables. Changes in the climatological characteristics are expected to
vary over the globe. Climate warming has the potential to affect the physical, chemical
and biological characteristics of a region including aquatic systems.

Investigation of the current climatological conditions and potential changes on
global and regional scales due to projected climate warming is ongoing. Several global
conferences have been held to assess probable impacts of climate warming on various
sectors of the environment and economy in various nations and to assess potential
adaptive/mitigative strategies (IPCC 1990, 1992). From the perspective of aquatic
systems, a significant amount of research has been conducted on the North American
Great Lakes. The Great Lakes are a dominant feature on the North American Continent
representing the largest continuous volume of freshwater on Earth. Decades of research
have been undertaken to establish the physical, chemical and biological characteristics
of this system, including lake hydrodynamics and water quality. Combined monitoring
and research conducted in Canada and USA has resulted in a wealth of environmental
data to establish climatologies and for assessing probable impact of climatic changes on
large lake systems. Such results have implications and applications to other large lake
systems over the world. While considering research conducted elsewhere, the focus of
this Chapter is directed primarily on the climatological, hydrological aspects related to
lake hydrodynamics and water quality in the Great Lakes.

This Chapter focuses on climate and provides a discussion of dynamic responses of
lakes forced by current climate and potential climatic changes. As background to this
and succeeding Chapters concermned with the Laurentian Great Lakes, physical
characteristics and climatic measurement networks are briefly described. Selected key

weather elements of the Laurentian Great Lakes are described to provide a basis of the
curient temporal and spatial climatic variability which have an effect on lake

quality Sligcussed‘ in latf:r Chapters. Important climate warming concerns are addressed
by providing a discussion on climate change and regional scenarios with a synopsis of

2.2 GREAT LAKES PHYSICAL CHARACTERISTICS

The Great Lakes Basin, shown in Fi i
L gure 2-1a, contains an area of a i
770,000 km?, about one-third of which is water surface (Freeman and I-[;:rr:sm;l;;;l)y

The Great Lakes basin resides in Canad
a (44%) and the USA (56%). i
some 3,200 km from the western edge of Lake Superi - Vs e

Dam on the St. Lawrence River. The water surfac
i{;r;; lgﬂ m to sea lt.avcl. A general _proﬁle of the Great Lakes (Figure 2-1 b) shows that
o uron, Michigan and Onfanol have comparable depths, that Lake Erie is the
lowest and the.n Lake Superior is the deepest and largest. Table 2-1 contai
pertinent gross _statlstics on the sizes of the Great Lakes, Lake St. Clair and their basi ﬂS
Table_2-2 Prowdes long-term mean flow statistics for Great Lak nect e
bt i €s connecting channels
ey Lak; Supenf)r‘ has two inter-basin diversions of water into the system from the
udson Bay Basin: the Long Lac and Ogoki Diversions. Lake Superior waters flow
th.mug.h the lock and compensating works at Sault St. Marie and down the St. M
River .1nt({ Lake Huron where it is joined by water flowing from Lake Michi , Laarzs
Superior is completely regulated, to balance Lakes Superior, Michigan, aﬁiﬂ .Huror‘:

through tl?e St. Clair River, Lake St. Clair, and Detroit River system into Lake Erie
gh::l dro%:in watexl- su_rface between Lakes Michigan-Huron and Lake Erie is only abou£
Mid;jgan_ }s; u;c:lf tsh in a l_argr_: backwater_ effect between Lakes Erie, St. Clair, and
g MiChigann;:daPrllE“ef !:n }I;f;;sf;j; :,:}13&“ a.I:;I Ii]rie lt?vels are transmitted upstream to
1 3 rie, the flow i i
Welland Diversion intq Lake Ontario. The major dr(;;ut:::::glgig:azu;‘g;;: Elr:;ru?lgg
ch?anggs on Lakf: Onlan? frc_)m b.eing transmitted to the upstream lakes. The Welland
IVersion is an intra-basin diversion bypassing Niagara Falls and is used for navi atio
and hydroppwer. There is also a small diversion into the New York State B egCanI;
System which is ultimately discharged into Lake Ontario. Lake Ontario is :;fnpletelz;r



SUP. MIC. HUR. ERIL ONT.

Low Water Datum (m) 182.9 175.8 175.8 1733 74.0
(LWD)

Length (km) 563 494 331 388 311
Width (km) 259 190 294 92 85
Shoreline Length (km) 4,795 2,670 5,120 1,377 1,168
Total Surface Area (km2) 82,100 57,750 59,500 25,320 19,000
Volume at LWD (km3) 12,230 4,920 3,537 470 1,637
Mean Depth <LWD (m) 149 85 59 18.7 86
Max. Depth (LWD) (m) 407 282 229 64 245
Mean Surface (m) 183.1 176.5 176.5 74.7 74.7
Level(IGLD)

Table 2-1. Physical characteristics of the Great Lakes [Based on Upchurch (1976)]

Mean Maximum Minimum
Monthly Monthly Monthly
Discharge Discharge Discharge
(m3/s) (m3/s) (m3/s)
Connecting Channels
St. Marys River 2,140 3740 1160
Straits of Mackinaw* 1,500 - -
St. Clair River 5,180 6740 3000
Lakes Detroit River 5,320 7080 3170
D.  Lake Superior michigan and Huron ~ Lake Erle Niagara River 5,740 7620 3330
St. Mary's St Clairand Niagara St. Lawrence River 6,910 10100 4360
X g River ;Mon_ﬂw__—-—'"'\"
Lake Lake Lswrence Diversions
- O Ontario ;'.',..
= - Dopth S0 Ogoki River & Long Lake 11 329 0
E Long Lac Diversion 41 134 0
Sea Level Chicago Diversion 141 323 49
% . L Welland Canal 146 286 8
& New York State Canal System * 20 - -
g - Maximum
Depth 245m Table 2-2. Long-term mean and range of Great Lakes flows through
e connecting channels and diversions [David Fay, Personal Communication,
228 - Depth 407m

Coordinating Committee on Great Lakes Basic Hydraulic and Hydrological
data 1996; * Upchurch (1976)].

Figure 2-1. The Great Lakes basin depicting (a) the bathymelry of the Great Lakes,

and (b) a profile of the Great Lakes (Rodgers, 1969).

regulated to balance damages upstream on Lake Ontario with those downstream on the
i St. Lawrence River. The outflows are controlled by the Moses-Saunders Power Dam
i between Massena, New York and Cornwall, Ontario. From Lake Ontario, the water
: flows through the St. Lawrence River to the Gulf of St. Lawrence and to the ocean.



2.3 CLIMATIC MEASUREMENT NETWORKS

2.3.1 Land observations

Meteorological, hydrological, and limnological data are observed, processed and
archived by several organizations within both countries and are readily accessible for
research on Great Lakes large-scale or site specific analyses. Standard meteorological
observations are made hourly (also 3 and 8 hourly) at synoptic stations, augmented by
automatic stations and volunteer observation sites. There are approximately 2,000
climate (temperature and precipitation) stations in the Great Lakes Basin (Croley et al.,
1996). Standard observations include key variables such as air temperature, relative
humidity, wind speed and direction, sunshine, visibility, pressure and cloudiness etc.
Figures 2-2a and 2-2b provides an indication of the spatial distribution of stations
observing key meteorological data over the basin as well as an indication of the
coverage at the periphery of the Great Lakes. Long-term data records are available
from the Atmospheric Environment Service (AES) in Canada and the National Climate
Data Centre (NCDC) in the USA. Hydrological observations (stream- discharge,
groundwater etc.) are conducted by the Water Survey of Canada (WSC) and the US
Geological Survey (USGS) in the USA. Hydrological measurements are not generally
continuous and as such these data are analyzed statistically to provide flow and
discharge estimates. Estimation of the flows at connecting channels are an important
consideration in lake hydrological investigations. Coordinated flow and water level

data are provided to the International Joint Commission (Coordinating Committee,
1977).

2.3.2 Lake observations

In situ observations are conducted by fixed moorings (meteorological buoys) which
observe standard variables such as air temperature, relative humidity, wind speed and
direction. Standard buoys can also be deployed to measure in situ radiation components
(i.e. incoming global solar radiation, incoming long-wave radiation and net radiation).
In conjunction with the meteorological buoy observations, additional specialized
observations including water temperature and current speed and direction are observed
at specific depths. Buoy observations are normally deployed in the ice free season and
have a sampling frequency on the order of 10 to 20 minutes depending on storage
capability. On large lakes such as the Great Lakes, in situ observations are often used
for specialized studies. For whole lake observations, ship surveillance is conducted
over a grid of stations in surveys generally lasting a week in duration. A ship offers the
flexibility for detailed observations at a range of sites over the lake, however, in any
particular year whole lake surveys are conducted only say 3-8 times per year in the
lower Great Lakes and infrequently in the upper Great Lakes. Measurement of surface
water temperature have been conducted by airborne radiometer technique and more
recently satellite observations have been implemented.

Figure 2-2.  Meteorological station distribution within the Great Lakes Basin

depicffng (a) temperature and precipitation stations, and (b) temperature, humidity
wind speed and cloud cover stations (Croley et al., 1996).

2.3.3 Over-lake meteorological fields

As in(_iicated in Figure-.s 2-2a and 2-2b, the land station network around the Great
Lakes basin and at th.e perimeter of the lakes is generally very dense. However, the
lakes are largely devoid of permanent climatological sampling. Due to the moderating



influence of the Great Lakes, spatial and temporal differences occur between lake and
land observations. Consequently, specification of meteorological fields over the Iaj.'gc
expanse of the Great Lakes is one of the largest difﬁcullit?s enc?unterecl in computing
heat, moisture, and momentum exchanges as well as lake circulation ].Ja.ttems.
Adjustment of land station data (wind, temperature, and humidity) to over-le.lke
estimatés have been accomplished either through ratios or more complex regression
techniques (Phillips and Irbe, 1978; Resio and Vincent, l???)‘ Bas.ed on detailed
International Field Year for the Great Lakes (IFYGL) expn?nments. M4ustments have
been developed to consider the effect of atmospheric stabthy, fetch, wn.1d speed class
and duration over water. Phillips and Irbe (1978) summarized comparisons belwc?en
simultaneous lake and land measurements and the developmf:nt of ratios and regression
equations for application to Lake Ontario. Modern computallu?ns of lake energy l:)alalmse
incorporate corrections to land-based observations. Additional c_c;rrecn_ons include
modification of wind, temperature, and humidity to standard observation heights.

2.4 GREAT LAKES BASIN CLIMATIC CHARACTERISTICS

The climate of the Great Lakes basin is largely influenced by latitu@e, its
continental location, large-scale circulation patterns and the lakes themselvv.?s. Climatic
conditions and weather have a pronounced effect on lake: hydmdynlamws and can
significantly affect water quality conditions cspeci.ally in susceptible lakes ajl:d
embayments. The climatic conditions can be quite varied over t‘he large expanse of the
Great Lakes basin. The following contains a general descnpu.on of the selected kf:y
meteorological variables which affect hydrological, limnological and water quality
conditions of the Great Lakes region.

2.4.1 Air mass circulation and storms

Continental climate conditions dominate the basin while the lakes moderatc‘ th.e
climate toward semi-marine conditions (Phillips and McCulloch, 197?). The basin is
influenced by the warm moist air of the Pacific and the Gu'lf of Mexico and cold dry
Arctic air masses. During the winter months, cold Arctic air masses cover the central
part of the basin approximately 25% of the time, while moist cloudy air masses of
Pacific origin dominate the region about 75% of the time. In summer, lthff nort’hem part
of the basin is dominated by cool Pacific air 30-40% of the time but similar air masses
occur in the south only about 10% of the time; the frequency of occurrence f)f hot
humid air from the Gulf of Mexico is about 40% in the southern part of the basin and

% north of Lake Superior (Sanderson, 1980).
l-mIy'll“t(l)cz:/{:bnac;in is frequentlljy affe(cted by weather systems which ‘de‘:re':lop‘a]ong low
pressure storm tracks resulting in rather large day-to-da.y \Iraf'lablllty in weatber
conditions. 1In spring and summer, the basin is subject to individual and squall-line
thunderstorms, with about 20 thunderstorm days per year in the north and about. 30 such
days in the south (Kunkel et al., 1993). These convective storms can producehlhlgh r}itlt?ls
of precipitation of 70 to 100 mm hr”, strong gusty winds often to 100 km hr" and hail.

Croley, 1981; Quinn,
79cm, 84cm, 84cm, 89cm, 88cm for
Ontario respectively (Croley, 1995). Total annual
Huron, St. Clair, and Erie for the 1900-90 period
1981; Quinn and Norton, 1982). Variability in ann
evident. In general, the majority of years from 190
1940 to the present has experienced higher than avi
and high precipitation years are evident. The highest
1985 and was 7-33% higher than the 1900-90 average

Occasionally they spawn tornadoes, mo
Severe winter storms with 15 cm or mor
October through April.

re often in the southern regions of the basin.
e of snow or glaze can affect the basin from late
These cyclones, usually passing from west to east, can bring
heavy snow, sleet, and freezing precipitation to an area 100 to 200 km wide, primarily
on the north side of the cyclone trajectory. Winds greater than 50 km hr' can occur.
Such storms can occur for a 12-24 hr duration (Kunkel et al., 1993).

The lakes have a high heat storage capacit
storage and air/water exchange of heat results in modification of the climate around the
lake. During spring and summer, the lakes tend to cool the surrounding land mass and
in fall and winter they tend to warm them, often resulting in lake-effect storms on the

lee of the lakes. The large heat storage capacity is also responsible for ice free periods
of most of the deep lakes.

y due to their large volume. This heat
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Figure 2-3. Long-term annual mean precipitation over Lakes Michigan, Huron, St.

Clair and Erie for the period 1900 - ]990. (Croley et al., 1996)

2.4.2 Precipitation

Precipitation is responsible for major long-term variations in lake levels (Quinn and

1985). Average precipitation over the period 1900 to 1990 was
Lakes Superior, Michigan, Huron, Erie, and
precipitation over Lakes Michigan-
is illustrated in Figure 2-3 (Quinn,
ual precipitation amounts is quite
0-1940 are below the mean while



Mean annual precipitation distribution over the Great Lakes basin (Figure 2-4a)
and seasonal distributions for selected stations (Figure 2-4b) are based on long-term
1951-1980 data (Kunkel et al., 1993). South and east locations of the basrq are
generally wetter while drier conditions are evident in the north and western pnmons.
As a result of lake-effect precipitation events usually in the fall and f,:arly winter, the
south and east shores of the lakes tend to higher precipitation accumulations.

Figure 2-4. (a) Annual precipitation distribution over the Great Lakes and (b)

seasonal variation for selected stations (redrafted from 1JC, 1993).

2.4.3 Air temperature

Long-term annual mean air temperature from stations at the perimeter of the Great
Lakes (Figure 2-5) indicate three distinct temperature regimes: a low temperature
regime from 1900-1929, a higher temperature regime from about 1930-1959, and an
additional low regime from 1960-present period. The difference between the previous
and current regime is a drop of about 0.5°C (Croley, 1995).
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Figure 2-5. Long-term annual mean air temperature based on stations at the
periphery of the Great Lakes (Croley et al., 1996).

Contours of mean annual temperature (Figure 2-6) show a north south gradient.
Mean values range from about 0°C in the north to 10°C in the south. Large seasonal
variations in temperature are observed at all stations in the basin and are related to the
continental location of the basin as well as its large north-south and east-west extents.
In general, stations in the northern and western parts of the basin exhibit a larger
seasonal temperature range than do stations to the south and east (Kunkel et al., 1993).
Stations in close proximity to the lakes have a smaller annual temperature range than
those removed from the moderating influence of the lake which experience both cooler
winter and warmer summer temperatures.



Figure 2-6. Mean annual air temperature contours over the Great Lakes basin
(redrafied from 1JC, 1993).

Thunder Bay, ONT
Annusl Mean = 2.3 °C Sault Ste. Marle, M
» Annual Mean = 4.3 °C

Montreal, QUE
l Annusl Mean = 8.2 °C

Figure 2-7. Seasonal Mean and range of air temperature for selected stations
around the Great Lakes (redrafied from 1JC, 1993).

Figure 2-7 illustrates the seasonal mean and range of air temperature for selected
stations over the Great Lakes basin. Compared to stations located in the southern and
eastern parts of the basin, stations to the north and west have a larger seasonal
temperature range. Stations in close proximity to the large lakes have a smaller annual
temperature range than stations located some distance from the lake (Kunkel et al.,
1993). Stations further removed from the lakes also exhibit a larger annual range with
cooler winter and warmer summer temperatures compared to those stations in close
proximity to the lakes at similar latitudes. The moderating influence of the Great Lakes
is related to the large heat storage capacity of the Great Lakes.

2.4.4 Water temperature

Monitoring of water surface temperature on large water bodies the size of the Great
Lakes is difficult and expensive. Many techniques have been employed including the
use of water intake temperatures, meteorological buoys, lake-wide and basin-wide
surveillance, airborne radiometer over flights and satellite measurements. Water intake
temperatures are limited to the near-shore local area and meteorological buoy
observations are generally used in specialized studies of short duration. Ship
surveillance is expensive, however, detailed whole lake observations can be reliably
conducted. Difficulties encountered include aliasing of the data especially if the
surveys are longer than a week during periods of rapidly changing temperatures.
Surveys are conducted primarily in ice free periods and the number of surveys are
generally less than 8 per year, being more frequent on the lower Great Lakes. Airborne
radiometer over-flights, superseded by satellite observations can be used to augment
whole lake ship surveillance.

The latitudinal variation and dimensions of the Great Lakes can significantly affect
the seasonal mean and range of temperature and also temporal lags in heating and
cooling cycles. Mean surface water temperatures for the Great Lakes are illustrated in
Figure 2-8.

A detailed example of the seasonal mean and variation of observed water
temperature is shown in Figures 2-9a to 2-9d for the lower Great Lakes. Surface
temperatures for Lake Erie (Figure 2-9a) and Lake Ontario(Figure 2-9b) are based on
ship surveillance, airborne radiometer over-flights and satellite data over the period
1966-1984 (Schertzer and Sawchuk, 1985). Due to extensive ice cover on shallow Lake
Erie, few surveillance observations have been conducted during the winter months. The
composite plots indicate that the range of temperature is generally larger for Lake Erie
than for the deeper Lake Ontario. Due to the larger volume and heat storage capacity of
Lake Ontario, wintertime temperatures are higher compared to Lake Erie. Based on
these data, the variation in temperature during the heating and cooling seasons is larger
for Lake Ontario and the range in temperature at the summer maximum appears to be
larger for Lake Ontario. Figure 2-9c illustrates that the lake-wide mean temperature of
Lake Ontario is significantly lower than that of shallow Lake Erie during the summer
months, however, the higher heat storage of Lake Ontario results in a higher lake-wide
temperature during winter months. Climate (heating and wind mixing etc.) affects parts
of a lake differently and this is especially apparent in lakes with large differences in



bathymetric characteristics as shown in Figure 2-9d for Lake Erie west (10m depth),
central (25m depth) and east (64m depth) basins . The lake-wide mean temperature of
Lake Erie closely corresponds to the temperature of the central basin which is the
largest portion of the lake. In comparison, the very shallow west basin warms to a
higher temperature earlier and cools earlier compared to either of the other basins. The
deeper east basin achieves a significantly lower surface water temperature compared to
the remaining basins. Lake Erie in particular displays a complex pattern of thermal and
hydrodynamic characteristics largely due to the differing bathymetry between basins.
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Figure 2-8. Long-term seasonal mean and range of observed water surface
temperature for the Great Lakes (Murthy and Schertzer, 1994).

Water temperatures during winter are not observed as frequently compared to other
times of the year, especially under ice covered conditions. Lake Erie, in particular,
develops a significant ice cover in most years (see section 2.4.8 on Ice Cover) and as
such water temperature and heat storage estimates during the winter are scarce. The
vertical distribution of water temperature during ice cover conditions on Lake Erie was
measured by Stewart (1973) by helicopter. In winter, a reverse but weak stratification
may occur because water at 4°C is at maximum density and sinks to the lake bottom.
Stewart (1973) suggested that the lake was isothermal or nearly isothermal at 0.1°C or
less from mid February to mid-March. In mild winters, the open-water areas are
exposed to wind action which keeps the water column fully mixed in contrast to the
weakly stratified condition which develops under complete ice cover (Schertzer, 1987).
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Figure 2-9, .Long-rerm water temperature observations for the Lower Great Lakes,
(a) Lake Erie composite surface temperature, (b) Lake Ontario composite surface
lemperature, (c) Lake Erie and Lake Ontario lake-wide mean temperature, and (d)

comparison of basin temperatures in Lake Erie. (based on Sch
1985; Schertzer, 1997) (based on Schertzer and Sawchuk,

2.4.5 Winds

Winds constitute one of the principal forces driving lake circulation. Investigations
o_f currents on the Great Lakes rely heavily on wind speed and direction, determined
either from over-lake meteorological buoys or from stations at the periphery of the lake.



In terms of modeling lake circulation, lake exposure and completeness of wind records
are of prime concern.

Phillips and McCulloch (1972) describe average wind speed and direction for
selected stations over the Great Lakes basin and Saulesleja (1986) summarized seasonal
mean wind speeds and vector mean wind velocities (see Figures 2-10a to 2-10d).

JeA ‘ l &. DECEMBER - FEBRUARY
SEAN WIND SPEED (knots)

* <1knots
VECTOR MEAN WINDS (knots) —

Conversion

Figure 2-10a. Seasonal mean wind speed contours and vector mean wind velocity,
(a) December-February. (Redrafied from Saulesleja, 1986). Arrows point in the
direction of the vector mean with length proportional to its magnitude.

During winter (Figure 2-10a), wind speeds averaged 2.7-8.5 m s”. Over the middle
and upper lakes region, winds blow from the west and northwest 40-50% of the time
with northwest winds prevailing. South of the lakes, winds from the west and
southwest predominate 30-40% of the time.

Mean wind speeds during spring (Figure 2-10b) tend to exceed 3.6 m s with the
highest speeds in excess of 5.8 m s associated with cyclonic activity. Southwest winds
are more frequent across the lower lakes and northwest winds prevail at higher latitudes.

Summer winds (Figure 2-10c) are generally more variable in direction than winter
winds, but less variable in speed. Lake breeze circulations are common along the lake
periphery with a frequency of 35% penetrating up to 40 km inland.

The transition between summer and winter winds is depicted in Figure 2-10d for
October. During these months, the increase in cyclonic activity and the large thermal
differences between air and water contribute to high mean wind speeds. The highest
mean wind speeds over the basin exceed 5 m s and no mean wind speeds were less
than 2.7 m s from any direction (Phillips and McCulloch, 1972).
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Figure 2-10¢. Continued... June-A ugust.



basin of Lake Ontario and right in the eastern basin (Figure 2-12b). The Toronto Island
station showed a systematic clockwise deviation of wind direction (about 50 degrees)
from an adjacent beach station while Port Hope consistently underestimated the wind

(l. SEPTEMBER - NOVEMBER

MEAN WIND SPEED (knots) g

VECTOR MEAN WINDS (knots) e
20

Figure 2-10d. Continued ... September-November.

For hydrodynamic evaluations on large lakes, lake exposure ’is an 1mp0rtanct!
consideration. As part of hydrodynamic studies on La}.(e Ontario (Simons anEd
Schertzer, 1985; Schertzer and Simons, 1985), the effect of Sllte exposure was asse.:ss :
by comparing long-term wind observations from an inland site _(Toronto Imernallovnaii
Airport) compared to a lake-exposed site (Toronto Island Alrpo.rt) 'for thle F;r::)
November to April 1973-1983. Lake exposed wind speedls }.1ad significantly nig ;r
variance than the inland site with winds averaging 2.7 m s’ !ngher _for easler[y wmhs
and 2.0 m s higher for southeasterly winds (Figure 2-11). Tlme-senes analysis of the
wind stress showed that the along-shore component of the \.:vmd stress was greater than
the cross-lake component with the computed along-shore wind stress gene’rall.y Ia.rge:l;l a:
the more exposed Toronto Island Airport location. Sp.ectral analyses indicated tha
there was high coherence between the two stations for penod:s less than 30 days.

Since the scale of atmospheric weather patterns is typically much _larger than an
individual Great Lake, the wind field may be expected to be rather uniform over t];e
lake. This hypothesis was tested in Lake Ontario (Simons. and .Schertzer, 19385) Iy
comparing observed hourly values of land and over-lake station wm_d speeFI (>3ms’)
and direction with values at a central meteorological buoy (MS) station (Figure 2-12a§.
Figure 2-12a shows land station locations (i.e. Toronto Alrp?n MI, ToTt)nto Is;‘. ms’
Port Hope M4, Point Petre M8, and Point Breeze M7) along mth.lake stat.lons M3, M5,
M6 and M9. The study showed that wind direction tends to deviate left in the western

speed compared to the mid-lake station.

Toronto International A. Toronto Island A.
(n=42,817) (n =43,015)

Figure 2-11. Comparison of wind direction frequency between an inland site
(Toronto International Airport) and an lake exposed site (Toronto Island Airport) for
Nov. to April 1973-83 for winds greater than 3 m/s (Schertzer and Simons, 1 985).

Power spectra and cross-spectra of wind stress (Figure 2-13a) were computed by
the lagged covariance method with maximum lag of 23.4 days. Station rotary
coefficients and ellipse orientation (Figure 2-13b) were computed as well as station
comparisons through coherence and amplitude ratio (Figure 2-13c). Figures 2-13a to 2-
13¢ show results for selected stations (Toronto Airport M1, M5 and Point Petre MS).
The power spectra showed a gradual decrease of energy density with increasing
frequency except for a broad peak at periods of about a week. Based on spectral results
of all stations, the wind energy is fairly uniform over the lake except for the Port Hope
station M4 (Simons and Schertzer, 1985). Rotary spectra of the wind indicated a
clockwise shift in prevailing wind directions between the western and eastern ends of
Lake Ontario. Such a curvature in the wind field is consistent with the center of
atmospheric pressure systems being located to the south of Lake Ontario. Coherence
analyses indicated high coherence between over-water stations including Toronto Island
with lowest coherence between Port Hope and the mid-lake station at M5. Amplitude
ratios of the wind stresses as a function of frequency clearly showed the uniformity of
wind speed over the whole lake, the exception being the drastic reduction of wind speed

at Port Hope M4 and the substantial reduction at Toronto Beach station M2 (see Simons
and Schertzer, 1985).
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Figure 2-12.  Frequency distribution of wind deviations between selected
meteorological stations on Lake Ontario for 6 May - 30 August 1982 (Simons and

Schertzer, 1985)

2.4.6 Humidity, vapor pressure and dew point temperature

Phillips and McCulloch (1972) examined the vapor pressure difference across the Great
Lakes basin as a conservative measure of humidity and found pronounced seasonal,
latitudinal, and longitudinal variations (Figures 2-14a to 2-14d). During winter (Figure
2-14a) vapor pressure isolines present a rather uniform gradient. water tends to increase
the moisture content of downwind locations by 20 % over the upwind location values.
The effect of ice cover (e.g., Lake Erie) is to minimize the lake as a source of moisture.
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Figure 2-13. E!‘zergy spectra of wind stress, rotary coefficient and ellipse orientation
for sefected'smnans and coherence and amplitude ratio between selected stations on
Lake Ontario for 6 May - 30 August 1982 (Simons and Scherizer, 1985).

During spring (Figure 2-14b), pressures were seen to vary between 4.5-8.5 mb with a
remarkably uniform latitudinal gradient. Phillips and McCulloch (1972) indicated that
the smalll contrast between spring air and water temperatures inhibits evaporation and
downw1t_1d mc_:isture transfer. Isolines during summer months are more complicated
than during winter and spring varying by as much as 6 mb across the Great Lakes basin



(Figure 2-14c). During the fall months (Figure 2-14d) the lakes become an important
source of moisture resulting in an increase of vapor pressure at downwind stations by 5-
15 %. Diurnal variations of vapor pressure across the Great Lakes are generally small

(i.e. < 0.8 mb).

Air Temperature (°C)

Dewpoint Temp. (°C)

Wind Speed (ms™')

Cloud Cover (100's)

Figure 2-14. Spatial variation of vapor pressure (mb) over the Great Lakes Basin (a) Figure 2-15. Mean, maximum and mini fored A
January, (b) April, (c), July and (d) October. (Phillips and McCulloch, 1 972). ; temperature, (b) dew point temperature, zjnmi?‘nt:imsp‘:z;sz:adt(dja;;z:;::r ¢ (a)L 4
Erie 1953-1983. (Schertzer et al., 1993) ess for Lake
Figure 2-15b illustrates mean, minimum, and maximum 5-day means of dew point
temperature for Lake Erie over the period 1953-1983. Dew point temperature follows a
similar seasonal variation as air temperature (Figure 2-15a). Minimum values are found

in the winter months and peak values occur during the summer. The difference
between maximum and minimum dew point observations is largest during the fall and Cloud amount affects the receipt of global solar radiation at the earth's surface and
an

winter months.  As with other standard meteorological observations, dew point as such has an effect on the basin hydrological balance as well as the lake th
temperature and relative humidity observations are more spatially dense in the lower regime and water quality conditions. Figure 2-15d provides an exam f fcth Ei.rmal
Great Lakes. Such observations have been important for long-term evaluation of lake term mean, minimum, and maximum for 5-day mean cloudiness (fv:rol,akz gn‘g-
. ; rie.
evaporation. Cloudiness appears to have a seasonal component in that minimum values occur durineg

2.4.7 Cloudiness and fog



the summer and early fall months and maximum values (mean > 75%) occur during the
wmti'dvection of air across water can result in the formation of fog Whl(':h c:;n havf: a
significant effect on radiation and energy budgets of la}ws espe‘t:lally (;n 1\:1 i:: jﬁs:hg
heating period. An analysis of long-term fog.records (i.e. Phillips ;in dcthilt fog,
1972) for meteorological stations at the periphery of the lake E 01\;::{ L
occurrence ranges from approximately 10 to 60 da)ts per year. Dufm.g e ; i
estimated that the presence of fog over the lake modlﬁefl th'e net radiation ba ar(;c; ); :

much as 30% highlighting the need for accurate determination of fog extent an : ne:ntiof1
(Pinsak and Rodgers, 1981; Schertzer, 1982). Colc.i .water and warm wa(tier at’vecfo

fog are common on the Great Lakes. Under conditions of cold water a v:;c ul); s ng
warm air approaching the shoreline from the offshOTe wate‘rs' encounc:e;sl eﬂle o \%
edge of near-shore cold up-welled water. Fog occfurs if the air is f:oole elow i
point. Under conditions of warm-water advection fog, cold air traverses _atu o
water surface and the warmer, moister surface air is unstable and t::Ol'lVf‘,',(.‘:tS moisture (1):11(

the cooler air. Condensation results in a fog pattern that looks like rising steam (Oke,

1983).
2.4.8 Ice cover

Extensive ice cover develops on most of the lakes during most winters. ijurel 2-t
16 illustrates the long-term mean and range of ice extent for L!le .GreaF Lak;s (} 1 ss«erl ties
al., 1983). Lake Superior averages about 75% ice-covered, Mlchlgarf is :415 ;;e ur_omrcr
68%, Erie is 45%, and Ontario is 24%. The Great Lakes do not ordms.a.n )i :zseurface
completely (Assel et al., 1983) because of their large heat storage capacity, [arg s
area, and their location in the mid-latitude winter stgrm track. Ice formation g;h y
begins in the shallow shore areas of the Great Lakes in December and January. lhe
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Figure 2-16. Long-ferm maximum, minimum and normal ice concentration
distribution patterns on the Great Lakes (Assel et al., 1983)

deeper mid-lake areas normally do not form extensive ice cover until February and
March. Ice is lost over all lake areas during the last half of March and during April.
See Chapter 6 for detailed discussion of ice dynamics on the Great Lakes.

Transitory ice conditions result from air mass changes and episodic wind stress
conditions. Ice cover in mid-lake regions is often in motion (Rondy, 1976). For
example, Lake Erie ice speeds have been observed to average 8 cm s” with a maximum

speed of 46 cm s’ (Campbell et al., 1987). Ice movement can result in ice rafting
forming rafted rubble 5-10 m thick.

2.5 REGIONAL CLIMATOLOGICAL MODELLING AND FLUCTUATIONS

The behavior of the Laurentian Great Lakes system is governed by its huge
storages of water and energy. Climatological studies of the Great Lakes have
concentrated on establishing the mass and energy balances on the basin and lakes.
These dominant processes are largely responsible for the observed lake levels, storage
changes, and the annual thermal cycle of the lakes.

The following section provides a brief background to regional climatological
modeling concentrating on mass and energy balances of the Great Lakes system.
Modeling results are dependent on the spatial and temporal adequacy of data networks
and data bases as indicated above (Section 2.4). The Great Lakes basin has a wealth of
meteorological, hydrological and limnological data; however, there are obvious
deficiencies for long-term lake-wide (hydrodynamic or water quality) analyses. Some
of the deficiencies may be alleviated through increased use of remotely sensed data
(satellite) and also from application of mesoscale research results.

2.5.1 Mesoscale investigations

Broadly defined, climate includes the entire spectrum of weather in time and space.
The integration over time of individual weather events characterizes a regional climate.
Mesoscale (atmospheric phenomena on a scale larger than that of micrometeorology but
smaller than the cyclonic scale) weather events are determined by the interaction of the
large-scale flow with smaller-scale variations in topography and surface characteristics.
With respect to large lakes such as the Great Lakes, land-water contrasts can be
significant. Mesoscale atmospheric effects are important factors in understanding the
climate of the Great Lakes.

Anthes (1992) suggests that it would be impossible to understand large-scale global
climate without taking into account mesoscale atmospheric processes. Mesoscale
weather includes such phenomena as hurricanes, severe thunderstorms, ice/snow
storms, lake-land breezes, and so forth. Many of the exchanges of heat, moisture,
momentum, and chemical trace species that determine global physical and chemical
climates occur on the mesoscale. They occur in the surface and boundary layers of the
atmosphere, in mesoscale frontal zones, and in cloud systems that range from individual
cumulous clouds to mesoscale complexes of thunderstorms. Cloud-radiation



interactions are amongst the most uncertain of the mesoscale physical processes which
imi 1 climate models.

hm“”lgl:(;bli:YGL dense measurement network provided an opportunity to analyze some
mesoscale lake effect processes over Lake Ontario both in time and space. Land §tat10.n
data as well as additional lake observations from buoys a:}d towers were l?lsed in this
study. Phillips and Almazan (1981) reported that the diagnostic analysis of lhr(.lee-
dimensional motion, temperature, and moisture structure over the lake. revealcd a
number of complex frontal structures that were not evident from synoptic-scale ats
alone. These included lake and land breeze circulation, lake effect snowston;lfs, an

major storm and cold frontal passages. Such processes hav_e a pronounf:ed effect on
local diurnal weather conditions, especially at the lake periphery. Major sto:ns oz
frontal processes have an effect on basin hydrology, lake energy exchange, and therma
characteristics.

2.5.1.1 Lake and land breeze

Land and water surfaces possess contrasting the_rmal responses due to 'th?r
different properties and energy balances. The difference in thermal tanwro.nmenls is : }12
driving force that results in the development of lalfe breeze circulation neE ‘
shoreline. Over a large water body the reduced convective heat .ﬂux to and from the ?lr
means that atmospheric warming and cooling rates are relatively small over !:va er
bodies (Oke, 1983). In contrast, the convective ﬂux.es and rates of temperature ¢ aﬁe
over land are large and show marked diurnal variation. These land-water t(:‘mperaI ;
differences and their diurnal reversal (by day - land warmer lhan’ water; by mgﬁ}l} - amlt
cooler than water) produce corresponding land water pressure .dlfijereqces whic rezu
in a system of breezes across the shoreline which reverse their direction bec;\;fleen.d;y
and night. The lake and land breeze process also affects the temperature and humidity
in the localized area on either side of the shoreline.

2.5.1.2 Lake effect snow storms

Numerical mesoscale models of lake effect have been fleveloped to model lake
effect snowstorms. Such storms commonly occur on the lee s:fie ?f .largc lakes. F.acFors
which affect the development of such storms include orographic lifting, surface fnctlorll,
surface heating, evaporation and wind shear (Phillips .and Alma?an, 19.81). Mesos::c:
analysis has indicated that surface heating plays a dominant role in causing co‘;:verg &
to occur which intensifies with the release of latent he:at abo?re the lake. In 1; caseth
Lake Ontario, the surrounding orography and vertical wind shear stren’gder;:s. e;
disturbance causing precipitation to be distributed farther f:ronf the lake. .Wln a :gn
along the axis of Lake Ontario results in a large fetch respltmg in narrow, intense s onnus;
over the central part of the lake and the lee shore. Less intense lake effect storms occ
when the wind fetch is shorter.

- e

2.5.1.3 Major storm events

Occasionally large scale weather events such as hurricanes can impact on the Great
Lakes region. One such event, Hurricane Agnes (20-25 June 1972) occurred during the
IFYGL measurement program. Gale force winds were associated with the hurricane.
Observed strongest winds were from the north and north east over Lake Ontario with
speeds up to 22 m s'. Precipitation during the event ranged from 356 mm over the
southwestern counties of New York state to less than 50 mm in the Toronto area.
Maximum rainfall intensities exceeded all previous intensities for a duration of 3 hours
or more for some stations at the southwestern part of New York state. For the 5-day
storm, total rainfall ranged from 38-89 mm on the Ontario side of the basin while most
of the land area south of the lake had rainfall more than 100 mm with amounts in excess
of 250 mm being recorded in some areas. Storms of the intensity of Hurricane Agnes
have the potential to provide very high discharge rates from tributaries to the lakes. In
this storm, an instantaneous peak discharge of 984 m’ s' was almost five times the
mean annual maximum discharge of the Genesee River with a probability recurrence
interval of 200 years. Effects on Lake Ontario included the generation of waves in
excess of 4 m which resulted in shoreline erosion damage. Water temperatures were
reduced over the storm event. Since the hurricane arrived during the critical spring
heating period, existing unstable thermal stratification was disrupted by high wind
mixing through the water column.

The circulation and mixing in the upper 10m of large lakes systems (i.e. Lake
Ontario) is generally poorly known especially during major storm events. Hamblin et
al. (1996) conducted time-series measurements of winds, air temperature, water
temperature and current profiles from an inverted acoustic doppler profiler and fixed
point moorings at an open lake location in Lake Ontario, which were instrumental in
providing insight on the hydrodynamical responses during Hurricane Opal - one of the
most severe storms in recent history in the area. Northeast winds started at the
beginning of October 5, 1995 reaching a peak of nearly 18 m s' 24hr later slowly
subsiding in the subsequent 12hr period. During the storm, currents continued as
inertial or Poincare waves but at higher level reached a maximum of 50 c¢m s seven
hours after the peak wind speed with little intensification near the surface. Currents
following the peak exhibited pronounced vertical shear with a jet developing at the
thermocline 30 hours after peak winds. A train of large amplitude (10m) internal waves
disturbed the thermal structure following the hurricane and persisted for several days.

2.5.1.4 Cold front passage

Advection of cold Arctic air over the Great Lakes can have a pronounced effect on
meteorological conditions and on lake thermal structure. McBean (1975) described a
cold front passage which occurred during IFYGL on October 8 to 10, 1972 with a
frontal speed of 16 m s”. The surface front was complex and advanced toward Lake
Ontario which had air and water temperatures between 15-16°C. The cold front resulted
in a large change in atmospheric moisture content over Lake Ontario and precipitation.
Lake surface temperature dropped from an average of 15.3°C to 11.5°C due to a direct



loss of heat to the atmosphere and to mixing of cold hypolimnion water into the_ warm
epilimnion. McBean (1975) had calculated that more than 60 % of t!_1e decrease in Iakt:I
temperature between late September and late Novcrflber was attnb:.]nable to ’fronla
passages with strong northwesterly winds which occupied less than 15 % of the time.

2.5.2 Lake heat budget and thermal responses

The thermal cycle and structure of the Great Lakes as well as bio?hemical
components within the lake are influenced by meteorologica}, hydrological and
limnological factors. Much research has been conducted to determine lake he:lat ‘budgels
which are important in finding lake heat storage, stratification characteristics, and
vertical temperature structure.

2.5.2.1 Lake heat budget

The change in lake heat storage (s J m?) can be determined by‘using detailed
observations of the vertical temperature structure between two survey periods,
e 2-1)
AM :
where V = volume (m?), T = temperature (°C), 4 = surface area (m?), p= de1.151ty (;5
water (mg m”), Cp = specific heat of water J ‘rflg" °C), a.nd At = time mterf\_;le
(Schertzer, 1997). The limiting factor is avaliablht}f of detailed tern.perzllture ]:)ro
measurements at adequate temporal and spatial resolution. The alternative is to observe
or compute the other components of the lake energy budget and to determine the heat
flux as a residual.

dQs =V(T,-T)

a. Water Balance b. Energy Balance

Precipkation  Evaporation

Figure 2-17. Main componenis of the (a) lake hydrological and (b) lake energy
balance.

i is illustrated in Fig. 2-17a.
The main components of the energy balance of lakes is i : . :
The surface heat flux (MJ m? d) can be expressed as the following basic heating or

cooling processes,

Q=kKl-kT+Ll-LT-L -0-0,-0,-0, 2-2)

where K{ = incoming global solar radiation, KT = reflected global solar radiation, L} =
incoming long-wave radiation, LT = emitted long-wave radiation, L, = reflected long-
wave radiation, Jp = latent heat flux, O}, = sensible heat flux, Q7 = heat flux due to ice
formation and decay, and Q,, = advected heat flux.

Because of the depth of the Great Lakes, other minor fluxes such as heat flux
through the lake bottom are generally neglected (Rodgers, 1969). Formulations for
these energy budget components are variously defined (e.g. Derecki, 1975; Schertzer,
1978, 1987; Schertzer and Sawchuk, 1990; Henderson-Sellers and Davies, 1989;
Henderson-Sellers, 1986, 1990; Croley, 1989b). See the next section for an example
Great Lakes thermodynamics model (Croley, 1989a,b, 1992a; Croley and Assel, 1994)
especially suited for broad applications (long simulations of large areas) useful in
climate change impact assessments.

Figure 2-18 illustrates long-term monthly mean surface heat flux determined for
the Great Lakes by several researchers (Schertzer, 1997). Positive changes in lake heat
storage (lake heat gains) generally occur from February to September primarily through
net radiation heating as the turbulent exchange components are generally small at this
time of year. During the lake cooling period in the fall, negative changes in the lake
heat storage for the Great Lakes occur primarily through the turbulent exchange
components since the net radiative flux is small during these months. Maximum heat
losses occur December through January and maximum heat storage occurs in late

August and early September coinciding with the period in which the surface heat flux
turns negative.
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Figure 2-18. Long-term monthly mean surface heat flux for the Great Lakes
(Schertzer, 1997).



Ice formation alters the surface thermodynamics of the lakes, changing subsequent
ice formation, surface heating or cooling, lake evaporation, and lake responses to
atmospheric changes. The large heat storages of the lakes provide a buffering; they
forestall and reduce ice formation and shift the large evaporation response. Water
temperatures lag air temperatures and evaporation lags surface heating (insolation).
Evaporation peaks in October-November on Lake Erie and in November-December on
Lake Superior.

Because of the high specific heat of water, large lakes store great quantities of heat
and react slowly to short term changes in temperature. The heat storage of a large lake
represents the integral of heating and cooling processes as a result of air/water
interactions and hydrological balances. The annual heat storage can be divided into a
summer heat income (the heat required to raise the lake temperature from 4°C to
maximum temperature) and the winter heat income (the heat required to raise the lake
temperature from minimum heat content up to 4°C). Long-term heat content varies
widely among different lakes with good positive correlation with morphological
characteristics such as lake area, depth and volume (Gorham and Boyce, 1989).

The largest annual heat budget for world lakes is that of Lake Baikal, Russia
(approximately 3.1 GJm?) (Hutchinson, 1957). Figure 2-19 shows a comparison of
heat incomes for the Great Lakes. Analysis of the thermal regime of Lake Superior
(Bennett, 1978; Schertzer, 1978) indicated that the average total Spring heat income of

1.47 GJm™ accounted for a rise in mean lake temperature from a minimum of 1.4°C to
the average temperature of maximum density 3.83°C (temperature of maximum density
is affected by pressure) and decreases 0.1°C for each 100 m depth) while the average
total Summer income of 1.26 GJ m? accounts for the remaining rise to the maximum
mean lake temperature of 5.88°C. For Lake Superior, approximately 54% of the annual
heat income is used for spring warming of the water to maximum density. In general,
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Figure 2-19. Comparison of (a)-heat incomes for the Great Lakes (Bennett, 1978)
and, (b) heat content of the Great Lakes (Schertzer, 1997).

Figure 2-19 shows that as lake surface area, depth, or volume increases, there is a rise in
‘}‘nefn !.lp!ake and storage. The large heat incomes for the Great Lakes’ is related to the

dimictic” nature of these lakes, which allows the entire lake volume to be involved in
heat eth@ge semi-annually. The seasonal cycle of heat content for the Great Lakes is
shown in Figure 2-19b, estimated from Boyce et al. (1976); Schertzer (1978, 1987); and
Bo!senga {_]975). On the Great Lakes, minimum heat storage occurs injlate w’inler
while maximums occur in late summer/early fall. Substantial differences in the timing
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2.5.2.2 climatic effect on large lake annual thermal cycle

The Great Lakes are subject to major seasonal changes in the net heat input and as
a consequence go through an annual thermal cycle. Under current climatic conditions,
the Great Lakes are dimictic (mix from top to bottom twice yearly in the spring and the
fall). The timing of the overturn is very closely related to the time when the surface
water temperatures of the lake fluctuates through the temperature of maximum density
of fresh water, (i.e. 4°C).

In the winter, the surface waters are all generally below the temperature of
maximum density. In the spring, progressive warming of the near-shore waters reach
temperatures above 4°C while waters immediately offshore are still below 4°C and a
zone of convergence referred to as the "thermal bar" is initially formed along the near-
shore marking the onset of summer stratification. Progressive heating advances the
thermal bar toward the center of the lake, and when the mid-lake reaches 4°C, the
thermal bar disappears. In deep lakes such as Lake Ontario, Huron and Michigan, this
process takes as much as six to eight weeks. Typical summer stratification is achieved
as the surface waters reach greater than 4°C over the entire lake.

Although thermal stratification proceeds at varying rates over the Great Lakes, the
rate of heat input is generally maximum in the mid-summer period (Figure 2-18) and
thermal stratification has become generally established over the entire lake. Figures 2-
20a to 2-20c illustrate calculated heat input and measured temperature response of Lake
Ontario during IFYGL. In late spring, a thermocline is first formed close to the surface
and gradually deepens as the heat gains continue to exceed heat losses in surface waters.
Lake averaged vertical temperature profiles for Lake Ontario (Figure 2-20c) illustrates
progressive deepening of the mean thermocline level as well as the formation of the
warm upper well mixed epilimnion layer, the deep cold hypolimnion, and the transition
zone referred to as the mesolimnion layer.

Toward the end of the summer, the lakes have attained maximum heat content and
by early fall the mean heat content starts declining due to autumn cooling. By mid-fall,
the autumn cooling and associated mixing processes have nearly completed the
breakdown of thermal stratification. With further cooling, the depth of the mixing
deepens until the entire water column is mixed around 4 to 5°C. Although horizontal
temperature gradients persist close to the shore, vertical mixing of the open water is
nearly completed by late fall. This is commonly referred to as the annual fall overturn.
With continued cooling coupled with wind mixing, the main water mass continues to be
well mixed during the winter, attaining isothermal conditions at the temperature of
maximum density, 4°C, by mid-winter. Higher cooling rates near-shore result in
horizontal temperature gradients which persist throughout the winter. During late fall
and early winter, mixing of cold inshore water with warmer offshore water may set up a
convective regime (thermal bar) described earlier. Towards the end of winter, the entire
water mass has cooled down to below 4°C, with the coldest water remaining close to the
shore.

Figure 2-21. Isotherms
in the central basin of La

intensifies as gradients across the therm
entrainment was seen to occur at the beginnin
1979 was a month of intensifying thermo.
Fleepening and clear definition of a hypolimnetic
impulses during the month were observed to con

2.5.2.3 Climate (heating and wind) effect on thermal stratification

The seasonal cycle of thermal development for a mid-

ducibg the S e lake station in Lake Erie

months of 1979 was described b

. : y Schertzer et al.

(1987) in response.to surface heating and wind mixing. During May a developing ::re:k

(Limslable stra.hﬁcatlon can be disrupted by storms. A stable thermocline is expected to
evelop during June. Major wind events can result in upper layer mixing and

thermocline deepening. An example of th isti
‘ | ; e
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During July with continued heating and few major wind events, the stratification
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layer 3-6 m thick. Major wind stress
tribute to temperature gradients as high



as 6°Cm™. September isotherms marked the end of the 19?? central basin str.atidi'lza.t\i::;rrl1
as the hy;.Joiimnion was eradicated on September 11, 19_1{9 in response to wmb(; f:;und
mixing associated with high wind stress impulses. Additional discussion can

in Section 3.1 and Section T332
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Figure 2-22. Isotherms (0C) illustrating an episode of up-welling amj1 dowr:;:e:}i;nri
in Lake Ontario in response 0 wind forcing along a transect from t}ep;;)
(Port Hope) to the south shore (Point Breeze). (Simons and Schertzer,

2.5.2.4 Climate (wind) forced up-welling and down-welling events

Simons and Schertzer (1987) observed that at (.)ppo:sing.shores of lar?e la(l;e; Su;:
as Lake Ontario, the thermocline moves in opposite dflléechgn; clearly \:3{:@ gt -
i : i d surface drift and hence up- ‘
wind. An eastward wind causes southwar : . b

i hore: a westward wind has the opp
h shore and down-welling at the south shore; a ' :
2?1’2&3 %rom a water quality perspective, up-welling of }?ypohmnet;zm\:ateé ha;n ;:;
. i istributi ients in the water co :
line is a mechanism for redistribution of nutrien _
?:0\:51'::11 speed and direction (under climate change) may have the effect of altering the
f occurrence of up-welling events.
ﬁequl??gc:r: 2.22 shows vertical temperature isotherms along a traflsect fror;l Sth::mr:g:l
shore (Port Hope) to south shore (Point Breeze) of Il,ake Or:tang BS::;)Tfa:n 3 pcl seri 0%
i i development and de ‘
87). Clearly depicted is a sequence of the ‘ ! . .
L?}-wllling aloy;ug the north shore of the cross-section with corresponding down welling

e

of warm water along the south shore. Additional discussion on lake hydrodynamics is
provided in Chapter 4. '

2.5.3 Lake levels and flows

Water quantity considerations have been a dominant area of investigation within
the Great Lakes Basin and the lakes. Water quantity impacts on all sectors of the

economy including concern for ecosystems (wetlands), navigation, hydroelectric power
generation as well as recreation.

2.5.3.1 Great Lakes water balance

The main components of the hydrological balance of a large lake system are
illustrated in Figure 2-17b. A generalized water budget for a lake system can be

formulated over any time period in terms of equivalent water depths over the lake
surface as follows:

aW=0Q +P+R-E-Q, @-3)

where diW = water level change, O = inflow, P = over-lake precipitation, R = runoff to
the lake, E = lake evaporation, and Q¢ = outflow. Table 2-3 provides a summary of the
long-term water balance computed for the Great Lakes over 1951-1988.

Lake Precipitation

Runoff Evaporation

on the lake to the lake from the lake
Superior 82 62 56
Michigan 83 64 65
Huron 87 84 63
Erie 81 80 90
Ontario 93 169 67

Table 2-3. Great Lakes water balance, 1951-1988 (cm) (Croley 1995)

2.5.3.2 Lake level fluctuation

Long-term annual lake levels, seasonal lake levels, and short-period lake level
changes due to wind setup and storm surge are the primary lake level fluctuations.
Figure 2-23 illustrates long-term water levels for the Great Lakes.

Annual lake level fluctuations are primarily responsible for much of the variability
in water levels (record highs in 1952, 1973 and 1986 and record lows in 1935 and
1964). From 1960 to the present there is an overall range of about 2 m in the annual
levels. Continuing high water levels in the Great Lakes are the result of the increased
precipitation regime since 1940 coupled with the lower temperature regime since 1960
(Croley, 1995).

Seasonal water level changes range from about 30 cm on the upper lakes to about
38 cm on the lower lakes. The cycle begins with minimum water levels generally



during winter. Spring snow melt and precipitation contribute ‘f’ raising le'..:els ar:?i
seasonal maximums which occur in June for the.smaller lakes, Ene. anFl Ontario, -
September in the case of Lake Superior. Decre.asmg n_et‘ water supplies in summer

fall result in a progressive seasonal decline to winter minimums.
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Figure 2-23. Long-term annual water level fluctuations for the Great Lakes. (Croley,
1995).

Storm surges and wind setup are common fluctuations especially.in shaligwer la’lkes
and embayments (i.e. Lake Erie, Saginaw Bay) when slroilg bgersnstent w:::lsol:;‘ ?}:Z
i id di in levels between one
long the long axis of such lakes. Rapid dlfferences: in
?aizgand the Elher can be as extreme as 5 m (Lake Erie 2 Decen*fber 1985) and can be
responsible for most of the Great Lakes shoreline damage (Hamblin, 1979).

2.5.3.3 Connecting channel flows, diversions and flushing time

Physical aspects of connecting channel flows and d'fversmns in the (J;e;:elizi?_
system are discussed in Section 2.2 and Tab‘le 2-2a provides a summary ?n o A
term mean and range of flows. As indicated in Table 2-2a, aave't;age t;on;:c h;l g -
discharges progressively increase downstream from 2100 m” s at the St. Mary

3 ¢! at the St. Lawrence River.
i 67(\)&? rses:ect to the effect of diversions on %he Great Lakes, the Lc,ﬁngmL:;dal;cll
Ogoki Diversions average about 160 m® s* and raise lake levels betwt;en 1 cbﬁtween :
cm. The Chicago Diversion averages about 90 m® " and lowers lake levels

cm and 6 cm. The Welland Canal, which bypasses Niagara Falls, averages about 270
m’ 5" and lowers lake levels between 2 ¢cm and 13 cm with no effect on Lake Ontario.
The combined effect on the lakes ranges from a 2 cm rise for Lake Superior to a 10 cm
drop for Lake Erie. The diversion effects are therefore small in comparison with the
one or more meter variation associated with short-term storm movements, the 30-38 cm
seasonal cycle, and the 2 m range of annual variations. Present-day diversions have a
relatively small effect on the Great Lakes. Combined with the long response time of the
system, diversions are not suitable for lake regulation.

Mean annual outflows and lake volumes can be combined to yield a water flushing
time. The flushing time, which is of interest for water quality studies and predictions of
the average length of time that molecules or ions of a dissolved, non-reactive
constituent of the lake water remain in the lake before being transported out by the
flowing rivers; the flushing time, therefore, is the lake volume divided by the rate of
outflow. Estimates of the flushing times in years for the Great Lakes are as follows,
Lake Superior (165 yrs.), Lake Michigan (69.5 yrs.), main Lake Huron (10.6 yrs.),
Georgian Bay (5.7 yrs.), Lake Erie (2.5 yrs.), Lake Ontario (7.5 yrs.). Although there
are various estimates for the actual flushing times based on different estimates of
volumes and discharge rates, the long flushing times for water in Lake Superior and

Lake Michigan indicates that the recovery from an undesirable state of water quality
might take a long time.

2.5.4 Great Lakes Hydrology and Modeling

As indicated above, measurement networks include basic observations of
precipitation, and lake water level. Hydrological models have been developed and
applied within the Great Lakes basin to estimate components of the hydrological cycle
to provide information required for managing water supply problems of the region.

Great Lakes Environmental Research Laboratory (GLERL) applied hydrological
process models on the Laurentian Great Lakes (including Georgian Bay and Lake St.
Clair, both as separate entities) for forecasts and for assessment of impacts associated
with climate change (Croley, 1990, 1993a,b; Croley and Hartmann, 1987, 1989; Croley
and Lee, 1993; Hartmann, 1990). The hydrological models include rainfall-runoff [121
daily watershed models (Croley, 1982, 1983a,b; Croley and Hartmann, 1984)], over-
lake precipitation (a daily estimation model), one-dimensional (depth) lake
thermodynamics [7 daily models for lake surface flux, thermal structure, and heat
storage (Croley, 1989a,b, 1992a; Croley and Assel, 1994)], channel routing
(connecting channel flows, outlet works, and lake levels (Hartmann, 1987, 1988;
Quinn, 1978), lake regulation (International Lake Superior Board of Control, 1981,
1982; International St. Lawrence River Board of Control, 1963), and diversions and

consumption (International Great Lakes Diversions and Consumptive Uses Stuciy
Board, 1981).



2.5.4.1 Runoff modeling

One example of rainfall-runoff modeling on the Gr.cat Lakes is the (uLF&R;
Large Basin Runoff Model (LBRM), which consists of moisture storages arral?ge
the snow
i Y " (Croley, 1983a,b). Water flows from
a serial and parallel cascade of "tanks" _
pack to the upper soil zone tank, from the upper to the lgwer rsml z‘oni San?r :::Jnrfs::;;
dwater and surface tanks,
storage tanks, from the lower to the groun : 4
grour%dwater to the surface tank, and from the surface tank out of the \iwatersttlzfs.hed
makes use of physical concepts for snow melt and.net supply to the wat i
surface, infiltration, heat available for evapotranspiration, ;;‘;u‘al evafp(l)trz;r;s?]:;; fo;
s , i del, the LB is useful n
and mass conservation. As a conceptual model, the :
predicting basin runoff, but to facilitate understanding of watershed response b{;
natural forces as well. The main mathematical feature of the LBl.ll’VI is that'lt; rl:iai;M o
described by strictly continuous equations; none of the cor(r;plepgncrs‘: asso::;;;{;iemly
i ial filling are introduced. Fora
inter-tank flow rate dependence on partia For | :
large watershed, these nuances are not observed due to the spatial integration of
rainfall, snow melt, and evapotranspiration processes. ;
Daily precipitation, temperature, and insolation (the latter avallal?]e froz
climatological summaries as a function of location) ma()jr be us:l:d tc(:i c:eler?:l;rifoit;oof
i ly based on degree-day determ
ack accumulations and net surface supply based | ‘ ‘
Ism\:»w melt. The net surface supply is divided into infiltration to the upper sonll z?;:z
and surface runoff by taking infiltration proportional to the net sqrface supg gtﬂow
and to the areal extent of the unsaturated portion of thle up]:;Ier sm! :tor;e.i % o
‘ ) ithi i ortional to the moistur ;
from each storage within the watershed is prop \ : s g
irati nd lower soil zones is proportion
The evapotranspiration rate from the upper and | S
i i t rate available for evapotranspiration,
available moistures there and to the hea for ot
reduces the heat available for subsequent evapotfranspm:ituirﬁ. lT;ie“loga;::;:n -
i i i t used for, an a :
heat in a day is split between tl.aa . L
evapotranspiration by empirical functions of air ltempe:;}#re b?STi qouna‘?oLoFO% ey
inuity yi t-order linear differentia
heat balance. Mass continuity yields a firs e
i hich are tractable analytically; they
of the moisture storages (Croley, 1982), whi y; 1 y
solved simultaneously to determine daily moisture storage, evapotranspiration, an
in runoff from daily data. 5 :
basmThe Great Lakes basin is divided into 121 watersheds‘, each draining chrec:I); t;og
lake, grouped into the six lake basins. The meteorologlcalll (};1:1.1 from ‘i:?gl;, t'm‘g %
" i bined throug iessen
stations about and in the watersheds are com rougt ; 2
produce areally-averaged daily time series of precnplltahon danlc_l{ rrtnnri::;l:un;g;rsl)
ini i tershed (Croley an a \ :
minimum air temperatures for each wal . : o
L i tations are combined by aggregating
Records for all "most-downstream” flow s . ooy e
i imate the daily runoff to the lake iro
extrapolating for ungaged areas to estima P ¢ -
water’::shed. The LBRM is calibrated to determine the set of pa{ameters reTu:::ngLr:
the smallest sum-of-squared-errors between model and actual1 ggl‘l;; ﬂ;;:e:?hz qribe
ibrati i ley and Hartmann, k
the calibration period (Croley, 1983b, Cro : o
i i del outflows are combined to repre
is calibrated for each watershed, the mo : ! repre .
Great Lake basin; this distributed-parameter model integration filters individual sub

basin model errors. The LBRM calibration periods generally cover 1965-1982

depending upon flow data availability. The LBRM was also used in forecasts of Lake
Superior water levels (Croley and Hartmann, 1987), and comparisons with climatic
outlooks showed the runoff model was very close to actual runoff (monthly
correlation of water supply were on the order of 0.99) for the period August 1982 -
December 1984 which is outside of and wetter than the calibration period (Croley and
Hartmann, 1986). The model also was used to simulate flows for the time period
1956-63, outside of the period of calibration. The correlation of monthly flow
volumes between the model and observed values during this verification period are a
little lower than the calibration correlation but quite good except for Lakes Superior
and Huron (there were less than two-thirds as many flow gages available for 1956-63
as for the calibration period for these basins; the paucity of data making comparisons
during this period more difficult compared to the other lakes).

2.5.4.2 Precipitation.

A lack of over-lake precipitation measurements means that estimates typically
depend on land-based measurements and there may be differences between land and
lake meteorology. Although gage exposures may significantly influence the results
of lake-land precipitation studies (Bolsenga,, 1977, 1979), Wilson (1977) found that
Lake Ontario precipitation estimates based on only near-shore stations averaged 5.6%
more during the warm season and 2.1% less during the cold season than estimates
based on stations situated in the lake. By using a network that also included stations
somewhat removed from the Lake Ontario shoreline, Bolsenga and Hagman (1975)
found that eliminating several gages not immediately in the vicinity of the shoreline
increased over-lake precipitation estimates during the warm season and decreased
them during the cold season. Thus, for the Great Lakes, where lake effects on near-
shore meteorology are significant and the drainage basins have relatively low relief,
the use here of all available meteorological stations throughout the basin is probably
less biased than the use of only near-shore stations. Over-lake precipitation is taken
equal to overland precipitation (on the basis of depth) without further corrections.

2.5.4.3 Lake thermodynamics

One example of a thermocline thermodynamics model for the Great Lakes is
useful to consider here. It is a broad model, usable for long-periods (climate
simulations) at a daily time interval. Chapter 3 contains a description of a model for
detailed “short-period” simulations at a smaller-scale more suitable for lake
hydrodynamic modeling. Broad models of the type described here use mass transfer
formulations that include atmospheric stability effects on the bulk transfer
coefficients, applied to monthly data for water surface temperatures, wind speed,
humidity, and air temperatures (Quinn, 1979). As an example, GLERL uses that
approach applied to daily data but combined with models for over-water meteorology,
ice cover, and lake heat storage and with a lumped representation of a lake's heat
balance (Croley, 1989a,b, 1992a). As over-water data are not generally available,



GLERL uses over-land data by adjusting for over-water conditions.. Phillips and
Irbe's (1978) regressions for over-water corrections are used directly by replacing the
fetch (and derived quantities) with averages. Air temperatures and specific
humidities over ice are used for over-ice evaporation calculations and over water for
the over-water calculations; the two estimates are combined by weighting for the
fraction of the surface covered in ice. Water and ice pack heat balances (Croley and
Assel, 1994) are used to relate ice cover extent to meteorology, heat storage, and
surface fluxes between the atmosphere, the water body, and the ice pack.

Kraus and Turner's (1967) mixed-layer thermal structure concept is extended for
the Great Lakes to allow the determination of a simple one-dimensional model for
surface temperature increments or decrements from past heat additions or losses,
respectively (Croley, 1989a,b, 1992a). The effects of past additions or losses are
superimposed to determine the surface temperature on any day as a function of heat in
storage; each past addition or loss is parameterized by its age. Turnovers (convective
mixing of deep lower-density waters with surface waters as surface temperature
passes through that at maximum density) can occur as a fundamental behavior of this
superposition model, and hysteresis between heat in storage and surface temperature,
observed during the heating and cooling cycles on the lakes, is preserved.

Heat in storage in the lake at the end of each day is given by a simple conservation
of energy by taking the change in storage equal to the sum of the fluxes integrated
over the day. As summarized by Gray et al. (1973), short-wave radiation is
interpolated from generalized maps of Canadian and northern U.S. mid-monthly
clear-sky values and adjusted for cloud cover. Average short-wave reflection is taken
simply as one-tenth of the incident or as a function of ice cover, and sensible heat
transfers at the water or ice temperature (minimum of air temperature or freezing
temperature) are computed directly from the same mass transfer formulation and
assumption (that the bulk evaporation coefficient is equal to the sensible heat
coefficient) that is used to derive evaporation. It is then added to evaporative
advection and latent heat transfers. Evaporative heat transfers from ice include the
heat of fusion as well. Net long-wave radiation exchange is derived from
considerations of the water and atmosphere as gray bodies with correction for cloud
cover only to atmospheric radiation (Keijman, 1974). Net long-wave radiation
exchange over ice is computed as for open water, ignoring the small effects of the ice
surface on the exchange. Energy advected with precipitation is adjusted if the
precipitation is snow, to account for the heat required in snow melt. Energy advected
with precipitation onto the ice surface is uncorrected for melt since that is taken as
occurring with ice melt, which is added to the budget when it happens. The energies
advected into and out of the lake with other mass flows are relatively very small and
are ignored. The equations representing evaporation, heat storage, and heat fluxes are
solved simultaneously with daily data on over-land wind speed, air temperature,
cloud cover, and humidity; details of an iterative solution technique are available
elsewhere (Croley, 1989a,b, 1992a).

Unfortunately, there are no really good independent evaporation data to calibrate
and verify evaporation models on the Great Lakes. Water balances are insufficient

due to the large errors induced by subtracting nearly equal large inflows and outflows

to each Greaj\t Lake, or due to errors in estimates of the water balance components
However, with the joint heat balance and evaporation model, it is possible to cr:’om :
water surfaf:e temperatures with data, now available from t’he National Oceanicparz
Atmospheric Administration's Polar Orbiting Satellite Advanced Ve H@h
Resolut.ion Radiometer (Irbe et al., 1982; AES, 1988). M
Daily meteorological over-land data at from five to seven near-shore stations about
each Great Lake were assembled and averaged for correction to over-lake data Tl:l
heat balance model was calibrated to give the smallest sum-of-squared-errors beltwe L
mo_del z_md act}lal daily water surface temperatures observed by satellite durin l;n
callbratl.on period of generally 1979-88. There is good agreement between the agt T
and calibrated-model water surface temperatures; the root mean square err:):ru?s

between 1.1-1.6°C on the lar ithi
\ : ge lakes [within 1.1-1.9°C fo i
verification period, 1966-78 (Croley, 1989a,b, 1992a)]. o S

2.5.4.4 Great Lakes net basin supply

The magnitude of the hydrological variables vary wi i
respect to Lake E}"ie is illustrated in Figure 2-24 (Qu?:lyn, 1318]25‘;6(8)5132;1 a):?l (Ia(x:lllzglel ;;;l;
ba_sed on evaluatnc_m :af net basin supplies. In Lake Erie, the monthly precipita;tion is
falr’ly unlfpmly distributed throughout the year, while the runoff has a peak during th
spring which results primarily from the spring snow melt. The runoff is at a minir%mr:l
in the late summer and early fall due to large evapotranspiration from the land basin
The lake evaporation reaches a minimum during the spring and gradually increases untii
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Figure 2-24. Seasonal variation of precipitation, runoff and evaporation for Lake

Erie based i i i ]
poe sed on evaluation of net basin supplies. (Quinn, 1982; Quinn and Kelley,



it reaches a maximum in the late fall or early win:;er. The high evaporation period is
: air passing over warm lake surfaces. ;

= ‘gdz;}é::::s:thgf thepGreatgLakes requires accurate .esti.ma{es of ll.le net basin supzir:t:y

(NBS). Lee (1993) indicates that NBS may also be an indicator of ch.mauc change‘ Ae

net basin supply refers to the net supply of water to the Ia]rce from its own basin. ; ]

outlined by Lee (1993), NBS can be computed either directly based on computer

estimates of the hydrological components (i.e. Croley and Lee, 1993),

NBS = P+ R-E (2-4)
where, NBS is net basin supply, P = over-lake precipitation, R = basin runoff and J‘Elsi
lake evaporation, or can be estimated as a residual from measured hydrologica

components,
NBS = AS-1+0%D (2-5)
where, S = change in storage, / = inter-basin inflow through a natural channel, O =

inter-basin outflow through a natural channel and D = inter-basin diversiofl into ozi out
of the lake. Lee (1993) performed a statistical comparison between the direct and an
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Figure 2-25. Monthly average net basin supplies for the Great Lakes. (Lee, 1993)
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indirect approach to estimating NBS and found good agreement with high correlation
(Lake Superior r = 0.96, Lake Michigan-Huron r = 0.97, Lake St. Clair r = (.88, Lake
Erie r=0.98 and Lake Ontario r = 0.98). An evaluation of the differences indicated that
for the residual approach, errors can be largely attributed to measurement errors.
Relatively small measurement errors of large components can result in larger errors in
the NBS. Errors in the direct computation of NBS components are related to errors in
estimation of spatial values of precipitation, runoff and evaporation from few
observations. It is estimated that for runoff, the percentage of the basin area gauged is
66% for Lake Superior, 76% for Lake Michigan, 57% for Lake Huron, 50% for Lake
St. Clair, 78% for Lake Erie and 75% for Lake Ontario (Lee, 1993).
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Figure 2-26. Annual average net basin supplies for the Great Lakes (1948-1988).
(Lee, 1993)



As is apparent from Figure 2-25, the NBS varies cor.lsiderably _in magnitude fc.)r
each of the Great Lakes. In general, the NBS is highest during the.s?nng months and is
minimum during the fall. Lake Superior, the upstream lake, exhibits a s:I:aSt.mal cycle
which is less characteristic than that of the downstream lakes. Lee (1993) 1r?d}cates that
there is seasonal correspondence between the two metl.mds of determining NH{S.
however, monthly means can be different and largest differences occur during e
summer and fall months. Significant variability in the annual averages of the NBS lis
evident especially for Lakes Michigan-Huron and Lake Erie. NBS is largest for the
Michigan-Huron lakes (Figure 2-26).

2.5.4.5 Lake levels and flows

Great Lakes levels and flows have been simulated fqr a ‘variet?r 9f SlUdlESt
including changed climates, (Quinn, 1988; lntemational_]mnt (,ornrfnss:on, 19??,
Hartmann, 1990; Lee et al., 1994), The basic procedure is to dete@1ne lake leveh S
and connecting channel flows by routing the simulated water supplies thrc‘ough‘t e
Great Lakes system with a hydrological response n}odel. (Hartmann, 198?,. Quinn,
1978). In addition to net basin supplies, monthly diversions and consunmtwlia3 uszs
data (International Great Lakes Diversions and Cons‘umptwe Uses St:di/ oalrt;
1981) are also input to the model. GLERL’s Hydrological Response Mode L:Ecm:;lsto
of regulation plans, channel routing dynamics, and water balance;s, com meak
estimate lake levels and connecting channel flows fmfn water supplies to the ldcs‘f
Lake Superior is regulated by Plan 1977-A (International Lake .Supenor Board o
Control, 1981, 1982) and Lake Ontario by Plan 1958-D (lnterpatlonal St. Lawrer;ie
River Board of Control, 1963). The regulation plans were mo@lﬁed. (Lee et a!., 1d9 h)
and now have extreme condition operation rules. The modifications provndz the
robustness for the plans to handle the wider range of outflows expected. urltlng
climate change and stochastic hydrological studie.s.of the Great .Lakes BE}SII‘I t an
were used in the derivation of the Plans. In addition several minor m0d1ﬁcat1lgkns
were made to allow the models to function under the extreme ‘hlgh and low lake
levels and flows expected under severe transposed climates: Middle lake outﬂows;
are represented with stage-fall-discharge equations‘as ﬁmctl?ns of lake levels or o
lake level differences between lakes. Flow retardat{on frpm ice and weeds areogw;n
by monthly median retardation values. Constant diversions are used for“thed g:n ;,l
Long Lac, and Chicago diversions and monthly means are usefl for W.'e anb
diversions. Each lake storage, with all inflows and outflows,. is described by mass
continuity equations. The system of equations is solved numerically.

2.6 CLIMATE CHANGE AND REGIONAL SCENARIOS
2.6.1 Global climate simulations
Attention is increasingly being focused on forecasting/prediction of environmental

changes which may result from changes in climate. For the Grea?l Lakes region, rap;;i
changes (i.e. warming) have the potential to alter physical (meteorological,

hydrological, limnological) characteristics as well as water quality conditions and affect
other socio-economic sectors. Potential changes in global/regional scale climate
conditions are based on predictions from GCM’s. Researchers have run GCM’s of the
earth's atmosphere to simulate climates for current conditions and for a doubling of
global carbon dioxide levels (2xCQO,). Currently, there are in excess of 10 GCM
models being developed and tested. Examples of some GCM models whose outputs
have been incorporated into large lake investigations include the GISS (Goddard
Institute for Space Studies), GFDL (Geophysical Fluid Dynamics Laboratory), OSU
(Oregon State University) and the Canada Climate Centre second generation model
(CCCII). The following provides a synopsis of GCM considerations for application to
regional scale analyses and case study approaches and implications on physical and
water quality conditions in the Great Lakes based on changed climatic conditions.

2.6.2 Global circulation models (GCM’s)

An example of GCM model structure and simulation results is given here for the
Canada Climate Centre Version Il GCM. The CCCII GCM has a vertical resolution of
10 layers from the surface to the 10mb level and horizontal resolution corresponding to
a grid of 3.75°. latitude x 3.75° longitude (McFarlane et al., 1991). The model includes
full diurnal and annual cycles and a complete representation of the hydrological cycle.
Sophisticated computations are conducted for physical processes such as radiative
transfer, cloud and cloud water content, surface energy balance and soil hydrology, and
treatment of the ocean mixed layer and sea ice which includes a specification of oceanic
heat transports that permit simulation of ocean surface temperature distribution and ice
boundaries. CCCIl GCM climate simulations are derived by running the model
through several annual cycles until an equilibrium state is achieved. The results of the
last few cycles are aggregated to form simulated monthly and seasonal climate statistics
(McFarlane et al., 1991). Typical outputs at grid-point locations include air
temperatures, winds, specific humidity, cloudiness, soil moisture, and radiation which
represent some key meteorological inputs for regional scale modeling of climate
impacts or potential responses to climate change conditions.

The results of enhanced CO, simulations made with several different GCM’s
including the CCC model are summarized and discussed in WMO/UNEP/IPCC (1990).

2.6.3 GCM limitations to regional-scale application

There are limitations to GCM model applications to regional scale analysis which
have been noted by several investigators. For example, a comparison of monthly
2xCO, GCM outputs nearest to the central basin of Lake Erie (GISS, GFDL and OSU)

is provided in Figure 2-27 for several key variables such as air temperature, wind speed
and solar radiation (Schertzer and Sawchuk, 1990).
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Figure 2-27. Predicted changes in monthly air temperature TA., wind.speeddU} and
incoming solar radiation from the GISS, GFDL, OSU general c;rculafmn models {zr
a doubling of atmospheric carbon dioxide concentrations for grid points nearest the
lower Great Lakes (Schertzer and Sawchuk, 1990).

There is broad qualitative agreement of seasonal warming, howefferi}otlt: ranf;:g
predictions is large and in only a few instances dolthe m?dels agree in ‘ s:gmtuIe
“magnitude of predicted change. Best agreen?ent is for increases in air err::)e . e;
Predicted changes for wind speed and incoming solar radlatl_on are frequenﬂ_ y msg(Jf
than the mean predicted value from the three models. Evaluation of the cl(;;; Olcu;l -
variation for incoming solar radiation estimates (Schertzer and Sawchuk, : d') 55;’ i
rather large values because these estimates depend upon models of clou lme e
radiation transfer. Presently, cloud prediction is among 'the most uncertain € emer11984‘
the radiative transfer in general circulation models (Simmons an.d Bengtsstoi‘r;, ma,
Henderson-Sellers, 1986). Predictions, for example, of global air tempera fes v :t
vary by as much as 2°C, depending upon the model. When GCM simulations of pre

regional climates are compared, the disagreements can be considerable, particularly for
precipitation (Grotch and MacCracken, 1991).

Regional impact studies that have adopted GCM climate change scenarios have
common uncertainties associated with the use of the outputs (Cohen, 1991). Examples
of some of the common areas of uncertainty related to GCM outputs, scenarios, and
regional models include a lack of a standard approach to derive regional climate change
scenarios, no grid cells in GCM’s classified as lakes or other sub-grid scale features,
and GCM grid cells represent a weighted average of an area whereas station data
represent a point within an area (Cohen, 1991). Unfortunately, the present-generation
of GCM’s specify all continental grid points as land. In GCM grid-point arrays for
North America there are no nodes over the Great Lakes. Consequently, estimation of
representative key "over-lake" meteorological input variables for climatological and

hydrodynamic modeling requires additional procedures to reduce GCM scale outputs to
sub-regional scale scenarios.

Model Grid Cell Location Grid Area (km<)
Latitude Longitude

GISS 7.830 10.000 674,144

GFDL 4.440 7.500 286,736

osu 4.000 5.000 172,216

CCcCll 3.759 3.750 121,086

Table 2-4. Grid resolution of GCM models (Louie, 1991)

2.6.4 Regional-scale climate scenarios

In general, GCM models do not provide meaningful simulations of sub-synoptic
scale features; this is a significant limitation for formulation of climate change scenarios
on the regional scale. Consequently, regional scale climate impact investigations on the
Great Lakes are often forced to use inappropriately large spatial and temporal scales.
For example, GLERL hydrological process models are defined over daily intervals and
sub-basin areas averaging 4,300 km’? while the GCM adjustments were made over
monthly time intervals and grids of 7.83° latitude by 10° longitude (GISS), 4.44° by
7.5° (GFDL), 4° by 5° (OSU), and 3.75° by 3.75° (CCCII). Table 2-4 provides a
comparison of areal grid resolution from four GCMs in the region of the Great Lakes
(Louie, 1991).

Direct application of GCM predictions, regardless of uncertainties, to the
estimation of over-lake meteorological fields can lead to errors in flux computations.
First, lakes with large thermal inertia can substantially modify thermal and moisture
properties of air flowing over them. As indicated previously, application of scaling
relationships (Phillips and Irbe, 1978) to meteorological data collected at shoreline
stations is commonly used to estimate representative over-lake values (e.g. Derecki
1975; Schertzer, 1987; Croley, 1989b). This approach requires knowledge of
meteorological variability from several stations at or near the lake perimeter or about 1
station per 5,000 km’, whereas GCM’s provide predictions for only one grid point per



10’ km? (see Table 2-4). In attempting to incorporate GCM outputs, many assumptlor}s
are invoked such as the presumption that over-waterfm.fer»lanfl atmospheric
relationships are unchanged and that other variables such as solar insolation at the 'top of
and through the atmosphere on a clear day are u:;gl;anged under the changed climate,
modified only by cloud cover changes (Croley, 1995). ;

Several )(()bj);clive approaches for transferring output from tht? GCM grid to the
regional scale have been attempted and are recognizec.i to have !1m1tat1ons. Slm_ple
averaging of GCM data ignores inter-dependencies in the various meteorological
variables. Spatial averaging over a box centered on the GCM grid ptomt tends to filwier
all variability that exists in the GCM output over that box. Inlerpolatlor} bctw&;en. tf;U_\/i
grid point values has the tendency to preserve at least some of .th.e spatial v.arlablhty.m
the GCM output. However, little is known about the validity of various sz.ltla]
interpolation schemes and, for highly variable spatial data, they may be 1napprop‘r1at.e.
Furthermore, much of the variability at the smallest resolvable scale of QCM s is,
unfortunately, spurious (Croley, 1995). In either case, simple approaches qulvmg
ratios, averaging, or interpolation of GCM outputs .do not addre.ss the spatial or
temporal variability problem for a changed (2xCO,) cllmal.e. Esse_ntlally, tl:le changed
climate maintains the variability and seasonal patterns which are inherent in the base

i condition.

Chm?;‘::veloping representative sub-grid scale climate scc.narios is a difficult problem.
Dickinson (1987) suggests that since a single GCM grid box represen.ts. an area of
20,000 km’, the results of GCM'’s are not sufficiently reliable fqr determining regional
scale change, short-term variability, and extremes. Rt.:search 1.mo methpds to apply
GCM outputs to the regional scale are ongoing and mclu(‘ie interpolation ::‘.ch‘emes,
Limited Area Models (LAMS), application of regional climate models within the
GCMs, application of synthetic data sets of extremes and nr:%ted mesoscale model‘s.

Louie (1991) performed an interpolation from the original CCCII GCM gnd:;z a
finer grid (1°x1°) which was approximately 111 km X 77.5’ km over the Grt?at L Ts
basin. This procedure provided 338 interpolated grid p?lnt valueg Louie (19?1\;
recognized that the procedure does not increase th‘e s!aatlal I'eSDlI.llIOI’l. of the GC .
output, rather, it merely provides a consistent and Objectl?’(.: means to estimate sub-gtr}:
values. The interpolation algorithm used was a simple bllmfear scheme which uses the
nearest four data points and weights them by their inverse dlstan(:,e squared. Al.thouﬁh
the procedure was selected to reduce the tendency for smoothing or enhml.cm'g :h e
original GCM output fields, Croley (1995) determined that such problems exist in the
use of the finer grid with the hydrology models. : :

Limited Area Models or LAMS (Dickinson et al., 1989) Whlf:h pro;tlact on a finer
resolution may eventually reduce some of the uncertaint‘ies assom.aled Wl.lh the coarse
grid resolution of current GCM’s. Alternatively, applicatlon.of regional ?Ilmate mode_ls
that are embedded in GCM’s offer a possibility of determining scenarios at sub-gn’d
levels. However, the massive computer requirements of this approach a_\nd their
development have thus far limited the length of time series‘to 1 to 2 years in length
(Bates et al., 1994). In another approach, long-term synthetic data sets de}?eloped for
extremes in wet or dry conditions (Quinn and Changnon 1989) from lust?ncal rt?cor(lls

have limitations for climate change investigations at regional scales since climatic

changes represented by the time series were not as large as many GCM’s predict could

happen in the future over the basin. Nested mesoscale numerical models developed for

the Great Lakes basin (Bates et al., 1994) are not yet capable of generating multi-
- decadal series of conditions essential for climatic sensitivity studies (Croley, 1995).

2.7 CLIMATE CHANGE IMPACTS

Regional climate impact studies have been conducted in Canada, USA, and other
parts of the world to assess potential impacts of climate change on lake hydrodynamics,
water quality, and various economic sectors (Cohen, 1991). Several approaches have
been attempted to assess probable responses. These include examining responses for
years with anomalously warm conditions as an analogue of change to climate and
impact studies which analyze responses by introducing change based on selected key
meteorological variables from GCM steady-state and/or transient scenarios. In
addition, transposition climates have been applied to regions in an attempt to evaluate
the effect of climatic variability changes and the effect of extreme changes in climate.
Preliminary impact estimates considered simple constant changes in air temperature or
precipitation (Quinn and Croley, 1983; Cohen, 1986). The basic premise in many of
the regional impact investigations is that regional models can link to GCM outputs to
assess changes associated with climate change scenarios. A brief summary of examples

of such case studies is presented here to illustrate some of the potential responses of
large lake systems to climate changes.

2.7.1 Lake response to a warm year climate condition

Schertzer and Sawchuk (1990) examined the thermal structure of the lower Great
Lakes for an anomalously warm year to infer the potential response for thermocline
characteristics and anoxia occurrence in Lake Erie under observed extreme conditions
as an alternative to applying GCM scenarios. The year 1983 was selected as an
anomalously warm year. Primary elements of the lake thermal response to seasonal
gains and losses in lake heat content include surface water temperature, ice cover,
formation of the thermal bar and disappearance of the 4°C surface isotherm, thermocline
depth and duration of thermal stratification period. Graphical representation of the
warmer than average year of 1983 for surface water temperature, heat content and ice
extent in comparison to long-term means is shown in Figure 2-28 for Lake Erie as an
example.

Based on heat flux computations, it was determined that 1983 was characterized by
large reductions in surface heat losses in winter and above average surface heat flux
gains in summer. On an annual basis, the lower Great Lakes buffered large surface heat
gains in summer months through losses in other months. Observations (Figure 2-28)
for Lake Erie indicated higher surface water temperatures, significant reductions in
extent and duration in ice cover, and earlier disappearance of the 4°C isotherm,
signaling an earlier start to thermal stratification. In response to greater surface heating
and low wind conditions, the thermocline formed higher in the water column, and



stratification lasted longer than in other years (Figure 2-29),_ In the case of Le.\ke. Erie,
these conditions contributed to slight hypolimnetic anoxia in the central basin in the
latter half of September (Schertzer and Sawchuk, 1990).

2.7.2 Response of Lake Ontario to steady-state GCM scenario
Examples of predictions and limitations of simulations of thermal responses for

Lake Michigan are discussed in detail in Section 3.4. We include hel:e an exampl‘e ofa
modeling exercise to determine the potential effects of a GCM climate scenario for
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Figure 2-28. An example of the observed thermal response. of Lake Erie for an
anomalously warm year 1983 compared to long-term observations (a) surface water;
temperature, (b) heat content and (c) ice cover and (d) disappearance of the therma
bar. (Schertzer and Sawchuk, 1990).

Lake Ontario as an additional example of possible effects of climate change on large
lake thermal regimes.

Boyce et al. (1993) examined the heat load on Lake Ontario and its thermal
response under current conditions and for a hypothetical climate change scenario based
on CCCIl GCM output. Detailed measurements conducted in 1972 during the
International Field Year for the Great Lakes (IFYGL 1981) were used as test data. A
description of the model application to Lake Ontario is given by Boyce et al. (1993).
Briefly, daily incoming solar radiation is based on detailed IFYGL measurements
(Davies and Schertzer, 1974) and IFYGL surface meteorological data (i.e. air
temperature, wind speed, relative humidity and cloudiness) were used to estimate latent
and sensible heat transfers and incoming long-wave radiation. Daily hydrological
inflow and outflow, temperature and salinity from major tributaries are specified.
Outgoing long-wave radiation is computed from simulated water surface temperature.
Simulation of the daily lake-wide averaged vertical temperature profile was done by the

a. Lake Erie J J A s o

222 243 243 238 23.0

Figure 2-29. Computed daily vertical temperature profiles (thin lines) for the central
basin of (a) Lake Erie and (b) Lake Ontario in 1983. Heavy vertical lines represent
temperature profiles evaluated from Lam and Schertzer's 1987 thermocline model for
Lake Erie and Simon's (1980) thermocline model for Lake Ontario. Solid circles
represent observed values determined from lake-wide ship cruises. Calculated depths
of the base of the epilimnion and the top of the hypolimnion are illustrated with dark

horizontal lines. ~ Numerical values represent observed surface and bottom
temperatures. (Schertzer and Sawchuk, 1990).



the application of the one-dimensional Dynamic Reservoir Simulation Model
(DYRESM) (Imberger and Patterson, 1981). DYRESM simulates the temperature
profile by accounting for the creation, distribution, and dissipation of turbulent kinetic

variable, both positive and negative. Sensible he

at flux does not ch:
May through November but the downward sens; BB 5

ble heat flux increases markedly in the

energy through wind stirring and surface heat flux.

CCCII predicted changes for key meteorological variables at the nearest grid point
to Lake Ontario are shown in Table 2-5. As noted above, the nearest grid point of either
GCM models do not include the Great Lakes in their parameterizations. Consequently,
the assumption is made here that the GCM prediction for the grid square would be the
same if Lake Ontario were included. The simulation proceeded by modifying input
parameters from 1972 either by additive or multiplicative values (i.e. ratio
2xCO,/1xCO,) which vary seasonally. The climate scenario used was to modify air
temperature and cloudiness by adding the GCM differences to the field data while wind
and atmospheric absolute humidity are modified by ratios. As indicated in Table 2-5,
the CCCII scenario introduced large changes, primarily in the winter months.

Month Air Temp. Vapor Pressure Wind Speed Cloud Cover
() (mb) (m/s) (%)
January 6.77 1.43 1.06 0.0505
February 11.06 2.30 1.26 0.0287
March 8.67 1.84 1.22 0.0215
April 797 1.54 1.31 0.0429
May 4.85 1.38 0.98 -0.0125
June 491 1.36 0.97 -0.0031
July 4.77 131 0.96 -0.0162
August 4.76 1.26 0.86 -0.1079
September 4.26 1.24 0.85 -0.0384
October 315 1.26 0.94 -0.0261
November 2.07 1.12 0.89 -0.0830
December 2.63 1.06 0.93 0.0247

Table 2-5. CCCll-predicted monthly mean changes for nearest Lake Ontario grid point
(Boyce et al., 1993).

Figure 2-30 shows horizontally averaged isotherms for Lake Ontario computed
using the DYRESM model under (a) current climate conditions, and (b) a simulation
based on the CCCII GCM. Figure 2-30b dramatically illustrates that in the climate
change scenario, the simulated lake no longer experiences spring and fall convective
overturn (4°C water at the surface). The stratified period is two months longer and
maximum surface water temperatures are 4°C higher. Minimum summertime
temperature throughout the lake is computed to be 6°C. A comparison of changes in
selected surface heat flux components for the base run and the GCM scenario run
indicated that both incoming and outgoing long-wave radiation fluxes are increased by
similar amounts. From April through December, evaporative cooling of the lake is
increased. In the winter months, January through March, the changes are extremely

winter (January through April).
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Figure 2-30. Horizontally-averaged isotherms Jor Lake Ontario during IFYGL usin
the DYRESM model under (a) current (base) climatic conditions, and (b) using i
2xCO) CCCII GCM climate scenario. (based on Boyce et al., | 993)

The sensitivity of predicted chan
examined by arbitrarily varying air tem
over selected ranges (Boyce et al.,
annually, the simulated results indi
the largest increase occurring in
across the thermocline are increas
overturn, which occurs at the
approximately a month,

ges in thermal structure on Lake Ontario, was
perature and wind speed seasonally and annually
1993). By increasing only air temperature by 4°C
cate that epilimnion water temperature increases with
the April-September period. Temperature gradients
ed and the stratified period is lengthened. Complete
end of December in the base run, is delayed by



Wind speed was modified to allow for a 40% annual inu:ease and de.cr(;:ase tg
assess probable changes in thermal structure. A 40% decrei.atsc in anmfal wnrlthspeel
resulted in the formation of a shallower mixed layer ia.nd 1nteq51ﬁcat10n o.f emlad
gradients across the thermocline. Alternatively, a 40% increase in annual wind spee
resulted in a substantial mixed layer deepening by about 10m.

2.7.3 Climate impacts on hydrology (steady-state / transient models)

The U.S. Environmental Protection Agency (USEPA) and the Inter‘national Join;
Commission (IJC) climate change studies conducted by the GTeat Lakes I:‘nwronr_n;r]na
Research Laboratory (GLERL) investigated mean responses in hydn.aloglcal varial ; ae}:{s.
Highlights of these investigations (USEPA, 1989; Croley 1992b) with respect to lake
hydrology are presented here.

2.7.3.1 GLERL-EPA 2xCO, climate impacts

As part of an EPA study, the Great Lakes Environn‘lental Research Lhab‘;)ralt(?ry
(GLERL) assessed steady-state and transient cha.ngt.es in Great Lak:::'sl.\/1 y Cr;)Cil egy
consequent with simulated 2xCO, atmospheric scenarios from three G Is (] ; 3y6
1990; Hartmann, 1990; USEPA, 1989). EPA requlrefi the}t GLEBL first s%rtnhu ate -
years of “present” Great Lakes hydrology by us.ing !nstorufal' @ally da%a_ wi bp:-ejseed
diversions and channel conditions. GLERL arbllra.nly set 1{11t1‘f11 conquns 2u5 s
an initialization period to allow their models (described earlier in subsl,]ec.t:oij .]éﬁon
converge to conditions initial to the simulation. GLEm. repefated t '81:1 51mt1.11 thesé
with initial conditions set equal to the averages over tllle smglatlon peno”, un :l .t.s
averages were unchanging. This facilitated i?lve;tlg?t?g (:f sttzady-stale conditions.

s to conduct simulations with adjusted data sets. )

. %?(;St:l?t;?:ed output from atmospheric GCM simula}ions, represcntljng ,Ilioth
“present” and 2xCO, steady-state conditions, from GISS, GFDL, and OSU .l i:;);
supplied monthly adjustments of “present"’ tol 2xCO, for each r_neteoro3 ;)_g .
variable. GLERL applied them to daily hlstorica_l data sets to estlmatle ')I'.his
sequences of atmospheric conditions associated \T’lth the 2xCO, 'sc':n::u'l()Sc.i P
method unfortunately keeps spatial and tempor.al (mte?'-am?ual, seasona .danGLaEl R}L
variability the same in the adjusted data sets as in the historical ?Jase period. ool
then used the 2xCO, scenarios in hydrology impact model simulations simi

those for the base case scenario. They interpreted differences between the 2xCO,

scenario and the base case scenario as resulting from. the changed cllmate& Iheé
observed that the three scenarios changed precipitation little but snow—melt an run{:l
were greatly decreased, evapotranspiration and lake evaporation were dgre'z;.hi
increased, and net basin supplies to the lakes and lake levels were decrease? : i
scenario derived from the GFDL GCM was the most extr:,me with cvaporatlol: un:
higher than the base case and net basin supply less thal_1 50% o'f the bas; clzlise. . j;sasm
for the entire Great Lakes basin were assembled by integrating all of t Z su

and lake simulations; they are summarized in Table 2-6 for steady-state studies.

Scenario Overland Evapo-  Basin  Over-lake Over-lake  Net Basin
Precip. transpir.  Runoff Precip. Evap. Supply
Basea (m3s-1) 3855 7814 6206 6554 4958 7803
GIssb 2% % N 4% 26 % 37%
GFDLe 1% 19% 23 % 0% 44 % -51 %
osud 6% 19 % -11% 6% 26 % 23 %
ccce 2% 22 % -32% 0% 32% -46 %
6°S x 100wl + g9 +31 % -25% + 3% +49 % -48 %
6°Sx0°Wl  +249% 41439 =0 +25 % +33% - 1%
10°S x 11°WF  +17%  +48% 21 % +13% +75 % -54 %
10°S x 5°WI  +459% 4789 +2% +45 % +69 % -5%

ABase Climate (present conditions) from Transposition Study (Croley et al., 1996).
bGoddard Institute for Space Studies GCM (Croley, 1990).

€Geophysical Fluid Dynamics Laboratory GCM (Croley, 1990).

dOregon State University GCM (Croley, 1990).

€Canadian Climate Centre (Croley, 1993a).

MTransposed Climates from the Southwestern US (Croley et al., 1996).

Table 2-6. Average annual steady-state Great Lakes basin hydrology summary

depicting current (base) climate conditions and potential changes using GCM and
fransposition climate scenarios.

GLERL simulated one transient case over the period 1981-2060 with historical
data from 1951-80, repeated three times, by using initial conditions of 1 January 1981
for the first 30 years; the second used the end-of-run conditions from the first
simulation as initial conditions and the third used end-of-run conditions from the
second. The EPA supplied GISS GCM transient scenario A, consisting of 9 sets (for
each decade from 1970-9 through 2050-9) of monthly ratios and differences of
meteorology between the “present” and the transient “future” representing an
increasing atmospheric-CO,-content over the period 1971-2059. GLERL interpolated
to obtain adjustments for each month of 1981-2059 and applied them in three
simulations as for the base case. GLERL used a differencing approach to discern the
2xCO, signal from the historical variations in the adjusted data sets, comparing values
30 years apart to eliminate the (repetitive) historical variations. GLERL then
interpreted differences between the transient scenario and the base case scenario as
resulting from the changing climate, summarized in Table 2-7. Other EPA studies
included partial assessments of large-lake heat storage associated with climate change
on Lakes Michigan (McCormick, 1989) and Erie (Blumberg and DiToro, 1989).



Hydrological Variable Units Basin

Sup. Mic. Hur. StC. Eri. Ont
Basin Air Temperature (°C/dec): ~ +0.5 706 106 +06 +0.6 +0.6
Annual Basin Precip.® (mm/dec): +29 il +2 -0 #3 - il
Annual Basin Evap®  (mm/dec): +25 # +12 #5 6 46
Annual Basin Runoff®  (mm/dec):  +4 -7 -9 -15 -15  -14

Snow Pack® (mm/dec): -4 -1 -4 -1 0.7 -2
Soil Moisture? (mm/dec): +0.5 -0.8 i A g K6
Groundwater® (mm/dec):  +2 IR R e
Total Basin Moisture®  (mm/dec): 0.1 -4 -5 -2 -2 -4
Lake Air Temperature  (°C/dec): +07 +06 +06 06 +0.6 +0.6
Lake Humidity (mb/dec): +0.6 S 0S5 H07 . ¥ +0.6
Lake Cloud Cover (%/dec): +0.1 0.2 05 <04 =05 =0
Lake Wind Speed (m/s/dec): +0.0 +0.0 +00 +00 +0.0 -0.0

Surface Temperature (°Cldec): +0.7 +0.5 +0.6 0.5 +0.6 +0.6
Annual Lake Evap?  (mm/dec): +18  +19 422 +38  +40 +24

Annual N.B.S.P (mm/dec): +17 27 -4l 245 A5 75
Annual Net OutflowP  (mm/dec): +20 -31 31 -241 70 -57¢
Lake Level (mm/decy: -13 59 59 64 66 -93¢

aExpressed as a depth over the basin., PExpressed as a depth over the lake.
cComputed over first 7 decades since Ontario regulation plan fails in eighth.

Table 2-7. GISS transient climate changes impaclts summary (Croley, 1995).

2.7.3.2 GLERL-IIC 2xCO, climate impacts

The EPA studies, in part, and the high water levels of the mid 1980s prompted
the International Joint Commission (1JC) to reassess climate change impacts on Great
Lakes hydrology and lake thermal structure. The IJC study looked in less detail but
more breadth at large-lake thermodynamics in that while only lake-wide effects were
considered, all lakes were assessed. GLERL adapted the EPA study methodology for
the 1JC studies (Croley, 1992b) to consider 2xCO, GCM scenarios supplied by the
Canadian Climate Centre (CCC) for the period 1948-88. GLERL’s procedure to
estimate “steady-state” suggested, for a few sub-basins, very different initial
groundwater storages than were used in model calibrations. Since there is little
confidence in estimates of very large groundwater half-lives on these sub-basins with
only 10 to 20 years in calibrations, those initial values used in calibrations were also
used in the simulations for those sub-basins.

Average monthly meteorological outputs were supplied for each month of the year
over a 1° latitude by 1° longitude grid (Louie, 1991) by the CCC as resulting from
their second-generation GCM; see McFarlane (1991). GLERL computed 2xCO,
monthly adjustments at each location, used them with historical data to estimate the
2xCO, 41-year sequences (1948-88) for each Great Lake basin, and then used the
2xCO, scenario in simulations similar to the base case as before. This scenario

proved similar to the earlier GFDL-based scenario in that net basin supplies were
reduced to almost 50% of the base case. However, the CCC-based scenario reduced
runoff more and evaporation less than the GFDL-based scenario. Results for the

entire Great Lakes basin again are summarized in Table 2-6 :
: -6 to enabl
with the EPA steady-state study results. O Rere—

2.7.4 Great Lakes response to transposed climates

GLERL integrated their hydrological process models into a system to estimate lake
levels, whole-lake heat storage, and water and energy balances for forecasts and for
assessment of impacts associated with climate change (Croley, 1990, 1992b; Croley and
Hartmann, 1987; Croley and Lee, 1993). This system was used to simula,te the Great
Lakes hydrology for historical meteorology and several transposed scenarios.

For many Great Lakes issues, the impact of climatic variability is an important
consideration. From a hydrological perspective, variability includes consideration of
suc.h t:a'ctors as shifts in the daily, seasonal, inter-annual, and multi-year climate
vanab.llaty on lake net supply behavior, as well as related changes in mean supplies
Th<? dl.f‘f‘iculty here is attempting to assemble a long-term data base capable of assessiné
variability and sensitivity of fluctuations in the hydrological system of the Great Lakes.

Transposing clim%itles. from one region to another offers a viable alternative to assess
response and sensitivities to an altered climatic condition.

2.7.4.1 Climate transposition scenarios

: Climate transposition is an empirical technique to impose meteorological time
series from one location to another in order to examine responses based on a new range
of temp(?ral variability and frequency and magnitude of extremes. Transposition of
ac.tuz?] climates incorporates natural changes in variability within the existing climate;
this is not true for GCM-generated corrections applied to existing historical data ir;
many f)ther hydrological impact assessment studies. Further, development of detailed
scenarios .hy transposing climates through station relocation avoids the problem of
properly incorporating physically plausible climatic characteristics on the existing
network of 2000 stations over a climatological time frame of say 40 years.

: GCM'’s predict that continuing increases in atmospheric trace gas concentrations
will result in warmer conditions, comparable to climates south of the Great Lakes
Some GCM’s also predict drier conditions, comparable to climates to the west of the;
Great Lakes. Therefore, the future climate of the Great Lakes may be similar (at least in
terms of annual means and other very general features) to the present climate of regions
to the south and west of the Great Lakes. Transposed scenarios were selected to
represent analogues of “future” climatic conditions. Current climatic conditions to the
south ar{d west of the Great Lakes were used to develop climate scenarios under the
assumption that future changes in the basin climate may approximate latitudinal and/or
longitudinal climatic shifts (Croley et al., 1996). Scenario 1 (warm and dry)
corresponds to warmer temperatures and mixed precipitation changes. It represents a
movement of the Great Lakes Basin 6°S and 10°W resulting in a climate similar to the



central Great Plains, middle Mississippi, and lower Ohio valleys. Scenario 2 (warm and
wet) is a simple shift 6°S and corresponds to warmer temperatures and increases in
precipitation amounts over the entire basin. Scenario 3 (very warm and dry)
corresponds to very high temperatures and mixed precipitation changes. It is a shift
10°S and 11°W and, while generally wetter over much of the basin, is drier in the
western part of the basin. Scenario 4 (very warm and wet) corresponds to very high
temperatures and large increases in precipitation over the entire basin. It is a shift 10°S
and 5°W.

The relative spatial relationships of the geography of the Great Lakes were
preserved with the outline of the basin laid over the existing climate network. Station
data from the new locations were translated to the Great Lakes to derive new station
networks and basin climates by using Thiessen weightings over the 121 sub-basins and
seven lake surfaces of the Great Lakes Basin. Scenarios 1 and 2 correspond roughly to
the upper range of GCM predictions for temperature for the Great Lakes basin (IPCC,
1992) while Scenarios 3 and 4 went beyond the range of current GCM predictions for a
doubling of atmospheric trace gas concentrations in order to determine how the Great
Lakes would respond to a major climatic shock.

Scenario climatology was examined to determine the representativeness of
transposed climate gradients for climate change analysis (Croley et al., 1996). With
respect to mean temperatures, north-south gradients were similar to current Great Lakes
basin conditions. Precipitation patterns were more complex with generally higher
precipitation in all scenarios, however, differences in seasonal, and west-east gradients
place constraints on the precipitation applicability. Total annual snowfall is
significantly decreased in the transposed climates. Relative humidity changes were
found to be scenario dependent (i.e. scenarios 2 and 4 had little change while scenarios
| and 3 have decreases especially in the western part of the basin). The transposed
scenarios all projected decreases in cloudiness which implies increases in solar radiation
amounts. For the most part, wind speed gradients in the transposed scenarios were
similar to existing conditions. Average water vapor pressure deficits generally increase
in all scenarios.

Croley et al. (1996) provide details of the physical process models applied in this
analysis as well as calibration procedures, validity, and applicability (also briefly
described earlier in subsection 2.5.4). Base case and climate transposition scenarios
were analyzed with the models to assess the response of the Great Lakes basin and lakes
for selected meteorological variables, basin hydrology, over-lake meteorology, lake heat
balance, lake thermal structure, and lake water balance as well as an examination of
hydrological sensitivities.

Although the climate transposition approach has limitations in that several climatic
variables influencing the lake (i.e. temperature and precipitation) are interrelated, a wide
range of potential basin and lake responses together with estimates of variability can be
extrapolated from the results. Brief numerical results are summarized in Table 2-6 for
ready comparison with the EPA and JC studies. Generalized observations follow.

2.7.4.2 Lake evaporation increases

A]l‘ scenarios produced significant increases in lake evaporation. From an ener,
:flandpomt,‘ the energy for increased evaporation is derived from four sources Mfs);
important is the decrease in cloud cover which results in increased incomin- solar
radiation and, on average, accounts for about half of the evaporation increaseg The
second source is increased downward long-wave radiation emitted by the atmos. here
a result of the higher temperatures; this accounts for 10-15% of the effect 'P}hesa:
mf:reafsed radiative sources result in a greater accumulation of heat in the l;ﬂ(es A
third important factor is a change in the partitioning of energy between sensible.and
latent I}eal flux. As a result of the saturation vapor pressure-temperature relationshi
the ratio of sensible to latent heat flux (Bowen ratio) decreases in all scenarios anpci
accounts for about one-third of the effect. A fourth factor is a decrease in lake ice
cover. Because of the higher temperatures, nearly all lakes remain ice-free
througho.ut the winter. Thus, the average albedo during the winter and early sprin
months is lower, increasing the amount of solar radiation absorbed by the Iiakt’:g
However, this makes a minor (1-2%) contribution. :

The increase in downward long-wave radiation, the change in the partitioning
between sensible and latent heat flux, and the decrease in lake ice cover result from
fulndarflental physical principles, and they will almost certainly be a feature of an
cllm?,tlc state warmer than current conditions in the basin. There will thus be i
c0n5|dferable positive pressure on lake evaporation. However, the changes in cloud
cover in these scenarios may not be realized in a future warmer climate. Thus the
increases in lake evaporation in these scenarios would be smaller if cloud cover does
not decrease.

Another interesting aspect of lake evaporation is that it is highly event oriented. A
large proportion of evaporation occurs during Arctic cold air outbreaks in the (;old
season. In all. sce.narios for all lakes, the relative contribution of these events to total
lake evaporation increases. Although the increase may be unique to these specific
scenarios, these events are also important in the current climate. This indicates that

accurate future es{limates of lake evaporation will require accurate estimates of the
number and severity of cold air outbreaks.

2.74.3 Soil moisture and runoff reductions

.Manf_,f scenarios result in lower soil moisture and reduced runoff despite higher
prec1p1tat|0!1. As a result of the higher temperatures and longer growing seasons, the
four scenarios produced a more vigorous overland hydrological cycle. Total an;lual
evapotr.anspiration from the ground and the vegetation increases in all scenarios
Also, h.tgher temperatures significantly reduced total snowfall. In the current climate.
the spring snow-melt runoff season is very important to the total lake hydrology It;
the four scenarios, the snow-melt season is shorter and less significant. The al;ove
re_sults are likely to be a feature of any warmer climate. This means that in a warmer
climate, greater precipitation is required to maintain runoff at present levels.



Figures 2-31a and 2-31b illustrate the interrelationships between air temperatt.lre
and runoff/precipitation ratios and lake evaporation changes f9r the Lake Supenﬁ;r
basin, the most sensitive basin for this study. The ﬁgu.res al'so include data frorn b{l g
previously mentioned EPA and 1JC studies. The relationship among these varial a;s
is amazingly linear. This suggests that, for very broz.id anfmal impact assess.menhs
over an entire Great Lake basin, very simple relatmnshlpsl can b.e‘ust in 113
investigations. Figure 2-31a shows that substantial incrffases in precipitation wou
be required to maintain runoff equivalent to the present climate.
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changed climates (Croley et al., 1 996).

2.7.4.4 Net basin supply decreases

Warmer climates result in large negative pressures on net basin water supply. Net
basin supply (NBS) is comprised of the sum of over-lake precipitation and surface
runoff into the lake, minus lake evaporation. The previous two findings have
indicated that warmer climates will likely lead to increases in lake evaporation and
decreases in runoff. Thus, significantly greater precipitation is required to maintain
NBS at current levels of the Great Lakes. There is a very coherent relationship
among NBS changes and the changes in temperature and precipitation, The
relationships in Figs. 2-31a and 2-31b can be combined to build a relationship
between precipitation required to maintain annual net basin supply totals and air
temperature in a changed climate (see Figure 2-31c). Figure 2-31c suggests that for
temperature changes of 5 to 6°C, precipitation increases of 20 to 30% may be required
to maintain Lake Superior NBS at today’s levels. If annual mean temperatures were
to increase with no compensating increases in precipitation, it is highly likely that
NBS levels would fall significantly.

2.7.4.5 Net basin supply variability increases

These scenarios produce much higher variability in NBS. Inter-annual
variability in NBS, expressed as an over-lake depth, ranges from 140 to 300 mm
under current climate changes. These scenarios produce average increases of about
60% in warm scenarios 1 and 2 and about 90% in very warm scenarios 3 and 4.
These increases are primarily due to increases in precipitation variability in these
scenarios. The Great Lakes currently experience lower precipitation variability than
that of locations to the west and south of the basin. Thus, all scenarios have increased
precipitation variability. Kunkel et al. (1993) have pointed out that a major
contributor to inter-annual precipitation variability in the Great Lakes region are
infrequent large multi-day precipitation events. Thus, accurate estimates of
precipitation variability expected in future climates will require an accurate
simulation of the frequency and magnitude of these infrequent large events.

The changes in lake evaporation variability are rather small (< 20%) and are thus
not a major factor in changing NBS variability. However, in some scenarios, the
simulated increases in runoff variability are caused partially by higher variability in
evapotranspiration. This is a result of the longer growing season which results in a
greater exposure to soil moisture stress. However, this is a minor factor compared to
the contribution of precipitation variability.

2.7.4.6 Reduced turnover frequency

Warmer climates can result in reduced frequency of buoyancy-driven water
column turnovers. In many of these scenarios, lake surface water temperatures often
do not fall to 3.98°C (the temperature of the maximum density of water) during the
colder half-year. This was true also for the earlier EPA and 1JC studies described
herein. As a result, buoyancy-driven vertical turnovers of the water column change



from a frequency of two times/year to once per year (see S..et?tiop 3.4).. Since this is
related to a fundamental physical property of fresh water, it is hlg}.lly likely that th}s
will occur in any future climate that is sufficiently warm. ‘Thls could result. in
significant environmental impacts since these turnovers are important for nutrient
distribution, oxygenation of lake water (see Sections 7.7.4 and 7.8.2), and so forth.

2.7.4.7 Lake effects

Lake effects on regional climate have negligible hydrological eff‘ec.ts. GITI:RL
utilized existing spatial and quantitative measures of lal.<e effects on various climate
conditions to modify climate data for one of the scenarios. They tested lake effects
on basin hydrology by calculating outcomes with and without lake effec!sl present.
The differences on runoff and lake levels for the vaf'ious Great L.,ake basins v;f:}r(e
negligible. They did not attempt a modeling investigation to ascertain how r.nuch e
effects might change in warm-wet scenarios like 3 or 4’, but the. laF:k of dlfferenc;s
suggest that huge changes in lake effects would be required to significantly alter the
hydrological results.

2.7.4.8 Lake levels and outflows

Great Lakes water levels are lower and more variable under the transposed
climates. A warmer climate over the Great Lakes basin, whether. wetter or dr){er,
would have major impacts on Great Lakes water levels and flows in t1.1e conne.ctmg
channels. Superior is the most sensitive lake in the system when l_ookmg at chm;ﬂe
transposition. Under scenarios 1 and 3, the lake would I_'lave negative water supp| 1esl,
for all or part of the time. Under scenario 3 Lake Superior would become a termina
lake. In other scenarios, both record high and record low .lake levels would be
achieved. In addition most scenarios indicated greater variability of lake levels, both
seasonal and inter-annual, than exist in the present regime. : :

From an adaptive viewpoint the individual lakes, with the exception (.)f Lake
Superior during negative water supply scenarios, could be r_egulated to maintain .watsr
levels at about the long term average. However, there is no way 'to maintain the
connecting channel flows about their long means. There would also likely be a majo‘;
effort to divert additional water into Lake Superior from the Hudson Bay watershe
under low or negative water supply scenarios.

2.8 POTENTIAL IMPACTS OF GLOBAL CLIMATE CHANGE ON LAKE
HYDROTHERMAL DYNAMICS IN OTHER CLIMATIC REGIMES

The potential response of freshwater lakes to changed atmospheric E:ondllmns has
also been assessed for other lake systems in addition to the Great Lakes (i.e. Stefan and
Ford, 1975; Hondso and Stephan, 1991; Kundzewicz and Somlyod.y, 1993). For large
lake systems, changed climate and hydrological conditions result in consequences for

such concerns as lake stratification patterns, vertical mixing, water quality, fisheries,
and lake management in general.

Meyer et al. (1994) addressed the possible impact of climatic changes on the
thermal regime of lakes for different geographic zones of the globe. Ice cover and
convective overturn events were primary indicators for assessing lake responses to
climatic change. The assessment considered the thermal responses of hypothetical
lakes for shallow, intermediate, and deep lakes as well as evaluation of the responses of
nine real lakes from sensitive regions. Future climate scenarios were based on the
GFDL GCM under the assumption of 2xCO, atmospheric concentration. Regional

sensitivity analyses of lake stratification on air temperature change were performed for
all latitudes for every 5 degree of latitude.

2.8.1 Hypothetical lake responses to climate change

Hypothetical lake morphology was selected to characterize shallow, intermediate,
and deep lakes. The surface area of the hypothetical lakes was limited to 100 km? and a
linear dependency was assumed between lake depth and the area of horizontal cross-
section. Five values for lake depths were selected, namely 10, 20, 50, 75, and 150 m.
Latitudes were changed systematically by 5 degrees. Initial conditions for the
simulation were depth of the epilimnion (A(f = 0) = 0.01 m); hypolimnion temperature
(Ty = 8°C); and epilimnion temperature (Tr = 8.05°C) (Meyer et al.,, 1993). A
vertically-one-dimensional model of deep stratified reservoirs with full mixing in
horizontal layers was used to simulate the vertical temperature structure. The model
selected was based on the Institute for Water and Environmental Problems Model
(IWEP) from the Siberian Branch of the Russian Academy of Sciences. A description
of the heat source (surface heat flux sub-model) and diffusion coefficient is provided by
Meyer et al. (1994). Essentially, the turbulent portion of the effective diffusion
coefficient is calculated as a function of turbulent kinetic energy and dissipation rate.
Compared to other simulation models tested, the IWEP model had a shorter simulation
time and could simulate ice cover and overturns.

The results of this analysis suggested that the sensitivity of lake stratification to
changes in air temperature greatly increases in transition zones such as the subtropics
(30°-45° N/S latitude), where lakes can change from warm monomictic to dimictic, and
the sub-polar zone (65°-80° N/S latitude), where lakes can change from dimictic to cold
monomictic. In subtropical regions shallow and intermediate lakes, stratification was
slightly sensitive to changes in air temperature while significant sensitivity was found in
deep lakes. In temperature and polar regions, sensitivity of lake stratification to changes
in air temperature was important for all lake depths. Turn-over characteristics of
subtropical and sub-polar lakes were significantly affected by warmer atmospheric
temperatures as turnover began earlier than under current conditions and the well mixed
layer duration was longer. Cooler atmospheric temperatures were found to delay the
onset of lake turnover and reduce the period of well mixed conditions.

In sub-polar and polar regions, the duration of ice cover was most sensitive to
changes in air temperature regardless of depth. It was found that changes in the
duration of overturn period by as much as 10 days were common for a change of air



temperature of 5°C. For eutrophic lakes, such changes are signiﬁ.ca.nt since mixing
events are critical for alleviating water quality problems resulting from thermal
stratification such as hypolimnetic anoxia. This investigation su.ggested that. the effect
of changing climate is equivalent to the corresponding chang.e in geographic locauor:
(approximately one latitude degree per one degree Celsius of air temperature) (Meyer €
al., 1993).

2.8.2 Response of lakes in sensitive regions to climatic change

Analyses for hypothetical lake responses to climatt.a: .change.indicated that chang;s
were highly sensitive near transition latitudes. Transition rcg:or:s were founﬁi to 02
sensitive belts of the globe with latitudes ranging from 30° to 45° N/S .fmd §5 to 8
N/S. The lakes within the transition zones included Shasta Lake (California, QSA),
Great Bear Lake (NWT, Canada), Lake Seneca (New .York, USA), Ezequtelas.
Reservoir (Neuquen Provine, Argentina), Lake Geneva (Swﬂzer_land a}nd France), L e
Maggiore (Italy and Switzerland), Changshou-Hu. Reservoir (S1cl?uan Pm\‘::ll:f:e,
People's Republic of China), Lake Ladoga (Russ'_,:a) and Lake waa.-}.(o (f hlﬁa
Prefecture, Japan). Historical data were used to simulate current conditions while
climate changed conditions were based on GFDL GCM res.ults. e .

The study revealed that in the warmer latitudes, periods (?f s’trahﬁcat‘lon may ::1
enhanced. In colder higher latitudes, the frequency of overturn is llkel).( to increase an
there is the potential for sub-polar lakes to change from‘ cold monomictic to d;rmctl]lc.
Ice formation in sub-polar regions have the potential to be reduc’ed or totally
suppressed. Climate change (increased air temperature) ha§ the polenha;!l to m:j:rtle:li:
water temperature significantly enough to induce ch@ges in water quality an
biota and changes in the local climate near the lake periphery.

2.9 SUMMARY

The Great Lakes basin and the Great Lakes are a domir?ant feature on the N(n.'th
American continent. Climate conditions (weather) vary t‘:ons1'derably across the basin.
Gradients in key meteorological variables are oriented primarily nonh-south, howevelr,
the lakes themselves also influence the intensity of west-east gradn.ants. Mesoscale
investigations have clearly shown lake effect influences on the lake periphery. ‘

The climate, hydrology, and limnological responses of the Qreat Lakes ‘bas.m are
variable. There are seasonal cycles in meteorological varia}ales which have a significant
impact on the seasonal cycle of hydrological and limnololglcal components. Long-tem:
data indicate that the climate impacts both hydrological as wz?ll as lake thermal
conditions. These have extended influences on other_ hydrodynamic processes as wel
as water quality conditions especially in shallower regimes such as I.Jake Erie. L

Examples of several methodologies for assessm:ent of potential responses c; ; ;
Great Lakes to climatic change (warming) were bneﬂy presented. These include
analysis of anomalously warm years, climate impact studies using GCM stead){-s:latli;::r
transient outputs, climate transposition approaches, and analysis of hypothetic e

responses to latitudinal changes in climate characteristics. It was shown that GCMs
have limitations to their application on a regional scale and all methods have advantages
and disadvantages which constrain their application. Analysis of warm year climate
responses provide some indication as to the direction of responses for selected
components.  Application of GCM outputs to regional studies tend to provide
information on the possible range of physical lake responses. Climate transposition
analyses provide some measure of the variability which could be expected by
translation of an existing warmer climate to the Great Lakes basin. Hypothetical lake
responses to climate at varying latitudes indicated that there are sensitive climatic
transition regions where lake hydrodynamic and thermodynamic responses may be
more pronounced.

The case studies that were discussed provided information on potential changes to
basin hydrology and lake thermal conditions. Since the Great Lakes basin is so vast,
and the Great Lakes themselves differ in physical dimensions and heat storage capacity,
responses to climate or climatic scenarios is somewhat dependent on location. In
general, a warmer climate could be expected to increase both evapotranspiration and
evaporation from the lakes. Changes in precipitation could result in decreased soil
moisture and runoff especially impacting on reducing spring snow-melt runoff, The
direction of change in hydrological components is such that the Great Lakes basin may
see a reduction in net basin supplies which will adversely affect flows in connecting
channels. One transposition scenario suggested that such reductions could result in
Lake Superior becoming a terminal lake which would have serious impact on
downstream lakes. With respect to lake hydrodynamics, warmer conditions with
reduced wind mixing can affect thermal stratification characteristics of the Great Lakes.
From a water quality perspective, changes in a shallower regime such as Lake Erie
central basin can be more critical. Under anomalously warm conditions, with reduced
wind speeds, investigations indicated lower ice cover extent, warmer water
temperatures, and an increase in the lake thermal stratification period with a shallower
upper mixed layer in Lake Erie. Application of GCM steady-state outputs to Lake
Ontario indicated that it was possible for the lake to no longer experience spring and fall
convective overturn (4°C water at the surface). In one simulation, the stratified period
was two months longer and the maximum surface water temperatures were 4°C higher
with an increased minimum summertime temperature throughout the lake. Climate
transposition experiments reinforced the previous investigations, concluding that
significantly warmer climate reduces the frequency of buoyancy-driven water column
tumovers from a frequency of two times/year to once per year. Significant
hydrodynamic and environmental impacts are anticipated with warmer conditions and
especially with reduced turnover frequency.  With respect to water quality
considerations, turnovers are important for such processes as vertical mixing of
nutrients and oxygenation of lake water (Lam et al., 1987).

Examination of hypothetical lakes over a range of latitudinal climates tended to
reinforce some of the potential climatic change impacts on the thermal regimes
determined for the Great Lakes. In addition, the analysis incorporating hypothetical

lakes demonstrated that there are latitudinal zones in which lakes of varying sized may
be particularly sensitive to climate changes.
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